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iABSTRACT
Very Low Frequency (VLF) radio waves with frequency in the range 3∼30 kHz
propagate within the Earth-ionosphere waveguide (EIWG) formed by the Earth as
the lower boundary and the lower ionosphere (50∼100 km) as the upper boundary
of the waveguide. These waves are generated from man-made transmitters as well
as from lightnings or other natural sources. Study of these waves is very important
since they are the only tool to diagnose the lower ionosphere.
Lower part of the Earth’s ionosphere ranging 50 ∼ 90 km is known as the D-
region of the ionosphere. Solar Lyman-α radiation at 121.8 nm and EUV radiation
in 80 ∼ 111.5 nm are mainly responsible for forming the D-region through the
ionization of NO,N2, O2 during day time. The VLF propagation takes place between
the Earth’s surface and the D-region at the day time. During the night hours, the
D-region disappears and the VLF waves reflect from a much higher region in the
ionosphere known as the E-region (90 ∼ 120 km). The cosmic rays are the only
sources for regular ionization of the ionosphere during the night time.
As a result, there is a diurnal (day-night) variation of ionization. Instead of these
diurnal fluctuations, activity on the Sun or other Cosmic source can cause dramatic
sudden changes to the ionosphere. When energy from solar flares or any other
disturbances (e.g., Gamma Ray Bursts) reaches the Earth’s upper atmosphere, the
ionization in the ionosphere increases suddenly. Hence, the electron-ion density and
the height of the layer change. The term Sudden Ionospheric Disturbances (SIDs) is
commonly applied to such perturbations which affect the ionosphere in a non-trivial
way and the ionosphere takes time (few seconds to several minutes) to recover itself
to normal condition.
In this thesis, we theoretically predict the normal characteristics of VLF wave
propagation through EIWG corresponding to normal behavior of the D-region iono-
sphere. We took the VLF narrow band data from the receivers of Indian Centre
for Space Physics (ICSP) to validate our model. ICSP-VLF receivers continuously
monitor the equatorial low latitude ionosphere through the recording of narrow band
data from several number of VLF transmitters and also the broadband data for nat-
ural VLF sources. Detection of SIDs is common to all the measurements. We apply
our theoretical models to infer the D-region characteristics and to reproduce the
observed VLF signal behavior corresponding to such SIDs.
We develop a code based on ray theory to simulate the diurnal behavior of
VLF signals over short propagation paths (2000∼3000 km). We applied it for the
propagation of VTX (18.2 kHz) transmitter signal over the Indian sub-continent.
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The day-night variation from this code are comparable to the variation obtained
from a more general Long Wave Propagation Capability (LWPC) code which is
based on mode theory approach. We applied the LWPC code to model the electron
density variation in the D-region during a M2.0 solar flare simultaneously detected
on two VLF paths (VTX-Kolkata and NWC-Kolkata). We find that the short VLF
path acts as a good detector for such solar disturbances.
We simulate the observational results obtained during the Total Solar Eclipse
of July 22, 2009 in India using the LWPC code. As a first order approximation,
the ionospheric parameters were assumed to vary according to the degree of solar
obscuration on the way to the receivers. We find that an assumption of 4 km increase
of lower ionospheric height for places going through totality in the propagation path
reproduces the observations very well at Kathmandu and Raiganj. We find an
increase of the VLF reflection height parameter by h� = 3.0 km for the VTX-Malda
path and h� = 1.8 km for the VTX-Kolkata path respectively. We also show the
altitude variation of electron number density throughout the eclipse time at Raiganj.
We report and analyze a historic event, namely, the lunar occultation of a solar
flare during the annular solar eclipse of 15th January, 2010. We use the data from a
multiple number of satellite and ground based observations, such as the GOES-14
(both hard and soft X-ray light curves), GONG Project (Magnetogram data), HIN-
ODE (images of the flare) RHESSI (for X-ray light curves and image) for analysis
of the event. We extract the time variation of the electron density profile in the
D-region of the ionosphere due to the occulted solar flare from the combined effect
of the eclipse and the flare.
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Chapter 1
Introduction
The research activities contained in this thesis primarily examine the theoretical and
observational characteristics of Very Low Frequency (VLF) radio wave propagation
mainly in the equatorial low latitude regions in terms of the modification of the
Earth-ionosphere waveguide boundaries primarily due to the disturbances of the
lower ionospheric region extended from 50 km to 100 km. The VLF wave acts here
as the main diagnostic tool for remote sensing of this region.
The VLF group of Indian Centre for Space Physics (ICSP) has set up a network
of VLF receivers in India and also in Nepal that continuously monitor the VLF
transmitters signal amplitude and phase throughout 24 hours. The observational
data that has been used here are mainly from this network.
In what follows, we will discuss about the atmosphere and plasma environment
around the Earth, the basics of the ionosphere, its characteristics under normal and
excited space weather conditions, various ionospheric disturbances, effects on the
radio waves.
1.1 The Earth’s Atmosphere and Plasma Environment
The increased dependence on space-based systems in recent days increase more and
more interests on the subject of space research. The near-Earth space consisting with
the upper mesosphere and the ionosphere, also the homeland of many satellites, is
the most vulnerable region to outer radiation. The physical properties of this region
are directly affected by the behavior of the Sun and space weather. The interaction
of the solar wind with the Earth’s magnetic field also controls plasma supply in the
ionosphere and magnetosphere.
1
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1.1.1 The atmosphere
The atmosphere of the Earth is not only just the air we breathe in but also a buffer
that protects us from meteorites, harmful radiation from outer space and helps the
radio waves to propagate globally for long distances. Due to all pervasive influence
of gravity, the atmosphere can be approximated as horizontally stratified and orga-
nized into five principal layers by a representative temperature profile. Figure 1.1
represents a schematic diagram of Earth’s atmosphere showing different regions and
can be considered as the main scientific background figure for this dissertation.
Figure 1.1: Schematic diagram of the Earths atmosphere showing different regions.
Dark solid curves show atmospheric temperature profiles for solar maximum and
minimum conditions (Not to scale) [adapted from Schunk & Nagy, 2009].
The closest layer to the Earth is the troposphere. It contains about four-fifths
of Earth’s air and is normally associated with atmospheric weather. Troposphere
extends up to about 17 km at the equator and somewhat less at the poles. The
atmospheric temperature in the troposphere decreases with altitude from the surface
temperature, with a lapse rate of about 7 degree per km, up to a minimum value
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which defines it upper boundary known as the tropopause.
The stratosphere begins from tropopause and extends up to 45 km. It includes
the Ozone layer which absorbs the harmful solar ultraviolet radiation and protects
our life. The temperature in this region basically increases with altitude up to a
local maximum which defines its top boundary known as the stratopause.
The next layer, known as the mesosphere, extends up to 95 km. The atmospheric
temperature decreases again to a minimum at mesopause due to radiative cooling
creating the coldest region of the atmosphere with temperature getting as low as
190 K. Meteors generally burn up in this region keeping the Earth’s surface not
poked with meteor craters, like Moon.
The thermosphere extends from the mesopause to 500 km. The atmospheric
temperature here first increases with altitude to an overall maximum value (1000 K)
and then becomes constant. The initial temperature increase in the thermosphere is
explained by the absorption of solar UV and EUV photons. In the sunlit hemisphere
these solar photons have sufficient energy to ionize the atmospheric constituents.
Also due to the gravitational separation of the different neutral species, the heavy
molecular constituents dominate at low altitudes and the atomic neutrals dominate
at high altitudes. Near the thermopause i.e., at about 500 km, the atmosphere
becomes so thin that collisions are negligible and, hence, the upper atmosphere can
no longer be treated as a fluid. This transition altitude is called the exobase and
the region above it is called the exosphere with mark of beginning outer space.
The atmospheric pressure p, mass density ρ and temperature T are connected
by the barometric equations as given below:
p = p0 exp(−
� h
h0
dh
H
),
ρT = ρ0T0 exp(−
� h
h0
dh
H
),
where p0, ρ0 and T0 are the values of p, ρ and T at the reference height h0 and
H = KT
mg
is the scale height. Here m is the mean molecular mass and g is the
acceleration due to gravity. For an isothermal atmosphere, the above two equations
are reduced to,
p = p0 exp(−
h− h0
H
) and ρ = ρ0 exp(−
h− h0
H
).
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1.1.2 The Ionosphere
The ionized region of the upper atmosphere extending from an altitude of about 60
km to more than 1000 km is defined as the ionosphere. The presence of free elec-
trons and ions effectively makes this region an electrical conductor, which reflects
radio waves over a broad range of frequencies. The existence of an ionized layer in
the upper atmosphere was appreciated at the beginning of the 20th century. Mar-
coni first described that radio waves could propagate to large distances beyond the
horizon via multiple reflections between a conducting layer in the upper atmosphere
and the ground. Experimentally, the existence of an ionized upper layer was proven
in 1924. Appleton and Barnett [Appleton & Barnett, 1925] in England and Breit
and Tuve [Breit & Tuve, 1926] in USA, conducted experiments to demonstrate the
presence of the ionosphere in guiding the radio waves.
Historically, the ionosphere has been divided into different layers or regions. The
first detected layer is named the E-layer (90 ∼ 160 km) as it reflects the electric
fields. The D and F layers are below and above the E layer respectively. The D-
region extends from 60 km to 90 km and is highly variable with much lower electron
density. However, the electron density in all of these regions widely varies with time
of the day, season, solar cycle and the level of geomagnetic and solar wind activity
[Davies, 1990; Demirkol, 1999]. Typical neutral atmospheric constituents and day-
night electron density profiles from MSISE-90 Atmospheric Model and IRI-2007
Model respectively are shown in Figure 1.2.
Formation of the Ionosphere
The formation of the ionosphere strongly depends on the Sun. Considering O2 as
the active constituent in the D-region ionized by its first ionization potential, the
rate of ion production is given by the following two equations depending on the
temperature distribution of the D-region [Mitra, 1951]. For the D-region between
∼50–63 km and ∼76–83 km, the temperature is nearly constant with height and the
rate of ion production is given by the Chapman relation,
q = AN0Qexp[−z −N0AH secχexp(−z)],
where A is the atomic absorption coefficient, N0 is the density of neutral particles
at the bottom of the region concerned, Q is the available flux of solar quanta at the
wavelengths concerned, z = h/H is the reduced height and h is the height measured
from the bottom of the layer and H = kT
mg
is the scale height.
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Figure 1.2: Typical neutral atmospheric constituents from MSISE-90 model and
electron density profiles from IRI-2007 model.
For the region between 63-76 km and 83-100 km, the temperature vary linearly
with height, the equation for the rate of ion production becomes [Mitra, 1951],
q = AN0Q(1 + γ
h− h0
T0
)−(1+T0/H0γ)exp[−AN0H0 secχ(1 + γ
h− h0
T0
)−T0/H0γ ],
where γ is the temperature gradient, h0, T0 are the height and temperature of the
reference level and H0 is the scale height at the reference level.
Electrons are recombined with the positive molecular ions through the disso-
ciative recombination processes. In the lower D-region, the electrons can attach
themselves with neutral molecules in the absence of Sun light producing negative
ions. The reactions are fast in the E- and F-regions. In the E-region, all the ions are
almost molecular. So the rate of recombination of electrons is equal to the rate of
recombination of molecular ions and the rate of increase of electron density is given
by the continuity equation,
dNe
dt
= q − αN 2e ,
where α is the mean dissociative recombination coefficient [Davies, 1990].
In the D-region, negative ions play an important role. The continuity equation
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in general can be written as [Rishbeth & Garriott, 1969; Zigman et al., 2007],
dNe
dt
=
q
1− λ − αN
2
e −Ne
dλ
dt
1
1 + λ
,
where λ is the ratio of negative ion to electron number density and α is the effective
recombination coefficient. α can be written as [Mitra, 1951],
α = αe + λαi +
1
NeT
dT
dt
+
1
Ne(1 + λ)
dλ
dt
,
with
λ =
βNeN
KNeN + ρNe + αiN2e + αeN
2
e
.
αe is electronic recombination coefficient, λ is the ratio of negative ions to electrons,
β is coefficient of attachment and K is the coefficient of collisional detachment.
The D-region
It is the more complex part of the ionosphere from the chemical point of view. This
is because the D-region is the relatively high pressure region with a large number
of species taking part in photochemical reactions and different sources contribute
to ion production. Though the solar Lyman-α at 1215 A˙ is the main source of
ionization in the D-region, minor contribution from EUV spectrum between 1027
A˙ and 1118 A˙ is also responsible. Soft X-rays in the range 1-8 A˙ are the strongest
source of ionization during solar flares and they overwhelm the normal ionizations.
The D-region is grouped into four sub-classes [Mitra, 1974]:
Altitude range≥ 85 km: This is the simplest region with electron density dominating
over negative ions.
Altitude range ∼ 82 − 85 km is characterized by a disappearance of positive water
cluster ions H+(H2O)n.
Altitude range∼ 70−82 km: Here positive ions, mainly water cluster ionsH+(H2O)n
dominate over negative ions NO−3 and HCO
−
3 .
Altitude range ∼ 50 − 70 km: Here negative ions like NO−, dominate over the
electrons.
With so many positive, negative and cluster ions and neutrals, the D-region
becomes the most difficult region to observe and to model. In addition to the usual
neutrals that are found in the E and lower F regions (N2 , O2 , O, N), there are
several important minor neutral species [NO, CO2 , H2 O, O3 , OH, NO2 , HO2 ,
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O2(1Δg)] in the D-region which take part in the chemical processes [Shunk & Nagy,
2009]. There are many complex chemical models developed to explain the ionizations
for the D-region. One of the first successful chemical model for the D-region is the
Mitra-Rowe six-ion chemical scheme [Mitra & Rowe, 1972].
Figure 1.3: Simplified positive and negative ion chemistry for D-region [Mitra and
Rowe, 1972].
1.1.3 The Magnetosphere
The Earth’s magnetosphere is the region above the ionosphere where the motions
of ionized particles are controlled by Earth’s magnetic field and extends up to 10-12
Re (Re: Earth radius) on the day-side and 60-100 Re on the night side. The bound-
ary between the ionosphere and magnetosphere is not fixed and can be considered
as smooth continuation of the ionosphere. The magnetosphere ends at the magne-
topause boundary where it meets and interacts with the solar wind. Eventually, the
Earth’s magnetic field and solar wind control the shape and physical properties of
the magnetosphere. The solar wind pushes the Earth’s magnetic field away from
the Sun and produces a comet-like structure as shown in the Figure 1.4.
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Figure 1.4: The Earth’s magnetosphere. The solar wind interacts with the Earth’s
magnetic field to create a shock front behind which lies the magnetosphere [adapted
from Zeilik & Gregory, 1998].
The Van Allen Radiation Belts
The protons and electrons from solar wind which leaks into the magnetosphere are
trapped by the Earth’s dipolar magnetic field in toroidal belts called Van Allen
radiation belt named after the discoverer James Van Allen in 1958 [Van Allen et al.,
1959]. These belts are axisymmetric around the magnetic axis and compressed on
the Sunward side while it is elongated on the other side. Though both the electrons
and protons are found throughout the magnetosphere, the concentration of these
particles are high in the inner and outer radiation belts. The high energy protons
(∼50 MeV) and electrons (≥30 MeV) tend to reside in the inner radiation belts
between 1Re and 2Re. In the outer radiation belts ranging between 3Re to 4Re, the
less energetic protons and electrons are concentrated. The inner belt is relatively
stable compared to the outer belt which varies in its number of particles by as much
as a factor of 100.
The trapped charge particles in the radiation belts spiral along Earth’s magnetic
field lines while bouncing between the northern and southern mirror points with
periods from 0.1 to 3 seconds. The particles also drift in longitude in addition to
spiraling and oscillating in North-South. This is because the strength of both the
magnetic and gravitational fields decrease with the increase of distance from the
Earth. High energy protons drift westward around the Earth in about 0.1 s and
low energy electrons drift eastward in about 1 to 10 h leading to the longitudinal
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uniformity of the radiation belts.
Earth’s magnetic field
The Earth’s external magnetic field plays an important role in space physics con-
trolling the motion of charged particles. It is believed that the slowly rotating fluid
motions in the electrically conducting outer core are responsible for the origin of
Earth’s magnetic field through some type of dynamo. The near-Earth magnetic
field can closely be approximated by the familiar dipolar magnetic field with the
dipole positioned at the center of the Earth and whose axis is inclined about 12◦
to the Earth’s rotation axis. Such field can be expressed by the following simple
expressions [Walt, 1994]:
Br = −B0(
Re
r3
)3sinλ,
Bλ = B0(
Re
r
)3cosλ,
where r is the radial distance from the center of the Earth, Re is the mean radius
of the Earth (approximately 6370 km), λ is the geomagnetic latitude measured
northwards from the equator and B0 is the mean value (∼ 3.12 × 10−5) of the
magnetic field at the magnetic equator on the Earth’s surface.
The true magnetic field on or above the Earth’s surface differ from the dipolar
approximations and can be best represented numerically at times between 1900
A.D and at present by the International Geomagnetic Reference Field (IGRF)
model developed and maintained by the International Association of Geomagnetism
and Aeronomy (IAGA) working group. The IGRF model represents the geomag-
netic field B(r, θ, φ, t) produced by internal sources in terms of a scalar potential
V (r, θ, φ, t) given by the following expression:
V (r, θ, φ, t) = a
N�
n=1
n�
m=0
(
a
r
)n+1[gmn (t) cosmφ+ h
m
n (t) sinmφ]× Pmn (cos θ).
Here, r denotes the radial distance from the centre of the Earth in km, a = 6371.2 km
is the magnetic reference spherical radius which is close to the mean Earth radius,
θ denotes geocentric co-latitude (i.e., 900 - latitude) and φ denotes East longitude.
Pmn (cos θ) are the Schmidt semi-normalized associated Legendre functions of degree
n and order m [Winch et al., 2005]. gmn and h
m
n are the Gauss coefficients.
The geomagnetic field vector, B can be specified by seven quantities (shown
in Figure 1.5) which are called the magnetic elements. They are, the orthogonal
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Figure 1.5: Geomagnetic field elements.
components X (northerly intensity), Y (easterly intensity) and Z (vertical intensity,
positive downwards); total intensity F; horizontal intensity H; inclination (or dip)
I (the angle between the horizontal plane and the field vector, measured positive
downwards) and declination (or, magnetic variation) D (the horizontal angle be-
tween true North and the field vector, measured positive eastwards). Declination,
inclination and total intensity can be computed from the orthogonal components
using the equations:
D = arctan
Y
X
,
I = arctan
Z
H
,
F =
√
H2 + Z2.
At Earth’s surface, the total intensity varies from 24,000 nT (nanoTesla) to
66,000 nT. In the ionospheric height of D-region (70 km) over Kolkata, the intensity
of magnetic field is about 43,970 nT while that at ground level is about 45,670
nT [IGRF-10 model]. Figure 1.6 is the model magnetic field intensity map from
IGRF-10 and is useful for ionospheric radio propagation purposes.
Geomagnetic Variations and Disturbances
The observed magnetic field at a point on the Earth varies diurnally, seasonally and
with solar activity due to the electric currents that flow above the Earth surface.
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Figure 1.6: Total intensity of Earth’s magnetic field (F) from International Geo-
magnetic Reference Field (IGRF-10) model for the year of 2010.
On quiet days, the magnetic field varies smoothly with local solar time mostly due
to the current flowing in the E-layer known as solar daily (Sq) current [Matsushita,
1967; Davies, 1990]. Generally, the Sq currents are stronger in day time than in
night time, stronger in summer than in winter and approximately 50% stronger at
solar cycle maximum than at solar cycle minimum.
During a geomagnetic storm, a temporary disturbance in the Earth’s magneto-
sphere, additional currents circulate in the ionosphere causing a variation in mag-
netic field. Generally, this happens when high speed supersonic solar wind or coronal
mass ejection (CMEs) followed by solar flares hit the Earth’s magnetosphere and
force to oscillate. Geomagnetic disturbances are monitored by measuring the three
magnetic field components from ground-based magnetic observatories.
The short-term variation of the geomagnetic field is measured with the K-index.
The K-index indicates disturbances in the horizontal component of Earth’s magnetic
field in 3 hour UT interval. K-index is numbered with an integer in the range 0-
9 with 1 being quiet and 5 or more indicating a geomagnetic storm. The global
planetary index Kp is obtained as the mean value of the disturbance levels in the
two horizontal field components, observed at 13 selected, sub-auroral stations.
The Dst index, calculated hourly, estimates the globally averaged change of
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the horizontal component of the Earth’s magnetic field at the magnetic equator
based on measurements from a few magnetometer stations. During quiet times,
Dst is between +20 and -20 nano-Tesla (nT). The real-time information about the
geomagnetic indices can be obtained from the National Geophysical Data Center
(http://www.ngdc.noaa.gov).
1.2 Radio waves and the Ionosphere
Most of the knowledge about the ionosphere is obtained from the remote sensing
by radio waves as various frequencies which are reflected from different regions of
the ionosphere. Therefore some basic understanding of the radio refractive index is
necessary to interpret the reflection and transmission mechanism of the radio waves
from the ionosphere. The Appleton-Hartree formula determines the refractive index
of electromagnetic waves propagating through the ionized medium in the presence
of an external magnetic field [Budden, 1966]. The expression for the refractive index
is given by the following equation:
n2 = 1− X
1− iZ − Y 2T
2(1−X−iZ)
± [ Y 4T
4(1−X−iZ)2
+ Y 2L ]
1/2,
(1-1)
where the dimensionless quantities are defined as follows,
X =
ω2p
ω2
,
Y =
ωB
ω
,
YL =
ωB cos θ
ω
,
YT =
ωB sin θ
ω
,
Z =
ν
ω
,
where ωp is the plasma frequency, ωH is the gyro frequency, ν is the effective electron
collision frequency, ω is the angular frequency of the wave and θ is the angle between
the propagation direction and ambient magnetic field.
In general, the refractive index is complex. But at higher frequencies (greater
than 8 MHz), the collisional term becomes negligible and correspondingly, the re-
fractive index becomes purely real or imaginary.
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There are two special classes of the Appleton-Hartree equation. The first one
is the Quasi-Longitudinal (QL), where the wave propagates almost parallel to the
magnetic field vector (θ ∼ 0◦ and YT ∼ 0), and the second one is the Quasi-
Transverse (QT), where the wave propagation occurs along perpendicular direction
to the magnetic field vector (θ ∼ 90◦ and YL ∼ 0).
For quasi-longitudinal propagation, equation (1) reduces to
n2L = 1−
X
1± YL
, (1-2)
where the positive sign represents the ordinary wave (left hand circularly polarized)
and the negative sign denotes the extraordinary wave (right hand circularly po-
larized). Similarly, for quasi-transverse propagation, the Appleton-Hartree formula
reduces to the following form for the ordinary wave,
n2T = 1−X, (1-3)
and for the extraordinary wave,
n2T = 1−
X(1−X)
1−X − Y 2T
. (1-4)
Thus, in this case the propagation of ordinary wave is independent of the mag-
netic field whereas the refractive index for the extraordinary wave depends on the
magnetic field.
1.2.1 Properties of the Earth-Ionosphere Waveguide
Extremely Low Frequency (30 Hz to 3 kHz) and Very Low Frequency (3-30 kHz)
waves provide an alternative and convenient means of communication over the high
frequency band due to its slow fading rates [Davies, 1990]. The propagation of
VLF signal is characterized by relatively low attenuation rates of about 2–3 dB per
megameter (Mm) allowing the propagation possible over long distances (5000–20
000 km) within the Earth-ionosphere waveguide. This waveguide is formed by the
surface of the Earth as lower boundary and lower ionosphere (mainly the D-region)
as the upper boundary.
An electromagnetic wave totally reflects from a medium with varying dielectric
properties at the point at which the refractive index becomes zero [Jackson, 1999].
For an isotropic loss-less plasma, this condition is satisfied when ω � ωp, where ωp
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is the plasma frequency of the medium given by
ω2p =
4πNeq
2
e
ε0me
,
where Ne is the number density of the electrons, e is the charge of an electron, ε0 is
the permittivity of free space and m is the mass of an electron. But this condition
does not generally apply to VLF signals. The value of refractive index for VLF
signals in the ionosphere is complex, containing both a refractive and an absorptive
term. It depends upon local properties of the medium and wave direction with
respect to the Earth’s magnetic field in a complicated manner. Due to the effect
of magnetic field and the presence of absorption due to collisions, the refractive
index never reaches to zero at any D-region altitude, so total reflection never occurs,
but a substantial partial reflection is possible. Partial reflection occurs from the
region where the refractive index changes very rapidly over distances comparable
to a wavelength and this region acts like a sharp boundary between two different
media. Quantitatively, this occurs in the region where the following expression holds
[Wait & Spies, 1964]:
ω � ω
2
p
ν
,
where ωp is the plasma frequency as defined above, ω is the wave frequency and ν is
the effective collision frequency of electrons with heavy particles. Thus the reflection
conditions depend on the number density of electrons of the ionosphere. A typical
D-region electron density profile, frequently used in numerical modeling, is given by
a two parameter exponential profile [Wait & Spies, 1964],
Ne(h) = 1.43× 1013exp(−0.15h�)exp[(β − 0.15)(h− h�)],
where Ne is electron density (cm
−3), h� is the effective reflection height in km, and β
is the sharpness (slope) of the profile in km−1. There are several other electron den-
sity profiles which are based on rocket measurements and various types of soundings,
pulse cross modulation, incoherent radar and are not simply mathematical relation-
ships between the electron density and altitude.
Absorption of radio waves in the ionosphere occurs both during the process of
reflection and during the passage through the lower ionosphere below the reflection
region. It is the collisions between electrons, ions and neutral molecules of the
ionosphere which transfer the propagating wave energy to the thermal energy and
thus reduce the wave intensity. There exist various collision frequency altitude
profiles for electron-neutral particle νe(z), positive ion - neutral particle ν+(z) and
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negative ion - neutral particle ν−(z) collision frequencies [Wait & Spies, 1964; Morfitt
& Shellman, 1976]. A typical example of these is the set of exponential profiles given
in Wait & Spies [1964],
νe(z) = 1.816× 1011e−0.15z,
ν+(z) = 4.540× 109e−0.15z,
ν−(z) = 4.540× 109e−0.15z,
where z is the altitude measured in km and ν is in units of s−1. This strong
exponential decay of collision frequency with altitude does not continue above 100-
110 km. Kelly’s collision frequency profiles [Kelley, 2009] can be used thereafter.
1.2.2 Natural ELF/VLF Waves in the Ionosphere
Naturally-occurring electromagnetic (radio) signals emanating from lightning storms,
aurora, and Earth’s magnetosphere are very common phenomena and caught the
interest of space-weather researchers for the past few decades. The majority of
Earth’s natural radio emissions are due to tropospheric lightnings and are audible
with ground-based radio receivers. Lightning discharge from thunderstorm produces
a spectrum of electromagnetic energy ranging from a few Hz to tens of MHz, with a
maximum energy concentrated in the ELF/VLF band [Weidman et al., 1986; Burke
et al., 1992; Cummer et al., 1998]. The electromagnetic pulses in the ELF/VLF
band are called radio atmospherics or sferics. The signals from sferics propagate
within the Earth-ionosphere waveguide with very low attenuation and can be de-
tected at very large distances from their source location. Sferics sound like sharp
cracking noise when heard.
Spherics signals disperse while propagating considerable distances through the
Earth-ionosphere waveguide. As a result, low frequencies travel slower than high fre-
quencies and produce tweeks. Tweeks don’t sound like sferics due to the dispersion.
They sound like a quick musical ricochet. A fraction of the wave energy transmit-
ted through the ionosphere couples into the magnetosphere where they are guided
approximately along the geomagnetic field and can propagate one hemisphere to
another. While propagating they are dispersed even more than tweeks. As a result,
a gliding tone is heard when played through a loudspeaker of ELF/VLF receiver.
These signals are called whistlers.
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Figure 1.7: Natuaral ELF/VLF waves: example of spherics, tweeks and whistlers
(Image coutesy: NASA).
1.3 Remote sensing of D-region by VLF Radio waves
During ionospheric disturbances, the D-region and F-region are mostly affected.
This dissertation studies the VLF waves propagation within the Earth-ionosphere
Waveguide (EIWG) and thus tries to understand the properties of the normal and
perturbed D-region using VLF waves as one of the main diagnostic tools. The usual
technique of ionospheric measurements such as Ionosonde and Incoherent Scatter
Radar are not usable for continuous D-region measurements due to lower electron
concentrations at the D-region. Also, the D-region is too low for satellites and too
high for balloons. As a matter of fact, the little knowledge about the D-region that
we have is insufficient and comes from indirect experimental sources. One of the most
fruitful methods of monitoring the D-region continuously is to study the propagation
of Very Low Frequency (VLF) waves in the EIWG. The monitored VLF waves can
be of natural origin or man-made VLF transmitters. The properties of the lower
waveguide boundary i.e., the conductivity and permitivity of the Earth’s surface
do not change with time, while the properties of the ionosphere highly depend on
number density of ions and electrons which change from time to time with space-
weather conditions. Thus continuous monitoring of the lower ionosphere is a valuable
tool to study the lower ionosphere by the ground based VLF recording systems.
1.4 The Sudden Ionospheric Disturbances (SIDs)
The Earth’s ionosphere, in general, is not quiet. Rather it is always fluctuating.
Quiet Sun and cosmic rays are the regular sources of ionization. The ionization
in the ionosphere is dominated by the Sun during the day time and by the cosmic
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rays during the night hours. As a result, there is a diurnal (day-night) variation
of ionization. Instead of these diurnal fluctuations, activity on the Sun or other
Cosmic sources can cause sudden changes to the ionosphere. When energy from
solar flares or any other disturbances (e.g., Gamma Ray Bursts) reaches the Earth’s
upper atmosphere, the ionization in the ionosphere increases suddenly. Hence, the
electron-ion density and location of the layers change. The term Sudden Ionospheric
Disturbances (SID) is commonly applied to such perturbations which affect the iono-
sphere in a non-trivial way and ionosphere takes time (few seconds to several min-
utes) to recover itself to normal condition. SIDs are generally observed as the short
wave fadeout (SWF), sudden phase anomaly (SPA), sudden frequency deviation
(SFD), sudden cosmic noise absorption (SCNA), sudden enhancement/decrease of
atmospherics (SEA) [Davies, 1990; Stonehocker, 1970; Liu et al., 1996; Mitra, 1974].
Short Wave Fadeout (SWF)
Short Wave Fadeout is the absorption of short wave radio waves (in the HF range) by
the increased ionization in the lower ionosphere. SWF was the first detected sudden
ionospheric disturbance associated with the solar flare. Onset of SWF is manifested
with a sudden decrease in HF signal followed by a relatively slow recovery. It may
last from a few minutes to several hours, sometimes causing complete radio black
out on certain HF band. The magnitude of the SWF events depend on the solar
X-ray flux, the solar zenith angle and also on the background ionospheric conditions.
Sudden Phase Anomaly (SPA)
Sudden Phase Anomaly is a sudden phase advancement of the VLF signals caused
by the changes in reflection height. SPA is usually characterized by a rapid increase
in phase (in 1-5 min) and slow recovery (in 30 min to 3 h) and phase shifts of 30
- 60 degree are common for moderate flares [Davies, 1990]. The phase variations
roughly follow the time profile of the solar X-ray flare. In addition to positive phase
enhancement, negative SPA is also reported by Ohshio, [1971] on the Fort-Collins
(WWVL 20 kHz) to Japan path.
Sudden Frequency Deviation (SFD)
Sudden Frequency Deviation is a sudden increase in received frequency of a high-
frequency radio wave reflected from the E- or F-region of the ionosphere followed
by a decay to the transmitted frequency. The frequency deviation may have sev-
eral peaks and may take a negative value during the decaying portions. The start
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to maximum time is about 1 minute and peak frequency deviation is usually less
than 1/2 Hz [Donnelly, 1971]. Generally, SFDs are the results of an almost time-
coincident increase in E- and F-region electron densities.
Sudden Cosmic Noise Absorption (SCNA)
Sudden cosmic noise absorption (SCNA) is a sudden decrease in the strength of cos-
mic noise followed by a gradual recovery mainly associated with solar disturbances.
Generally, three types of SCNA has been observed:
1. small change in the intensity of absorption and short duration,
2. moderate intensity change and relatively long duration,
3. large intensity change and long duration.
The main contribution towards total noise absorption comes from the D-region and
the F2 region [Mitra & Shain, 1953].
Sudden Enhancement/Decrease of Atmospherics (SEA)
Sudden enhancement of atmospherics (SEAs) occur when there is a sudden increase
in the number of atmospherics detected caused by the solar X-ray flare which en-
hance the reflectivity of the ionosphere. SEAs occur approximately between 10 kHz
and 75 kHz [Sao et al., 1970] and also at ELF below 1 kHz. SEAs allow us to detect
signals from more distant lightning discharges. Instead of enhancement, sudden de-
crease of atmospherics in the frequency range between 1 kHz and 10 kHz has also
been observed.
Sudden Increase in Total Electron Content (SITEC)
Sudden increase in total electron content indicates sudden enhancement of electron
density in the ionospheric F region, where the electron density is produced mainly
by the extreme ultraviolet (EUV) flares [Tsurutani et al., 2005]. Nowadays, SITEC
studies have been done using networks of worldwide GPS receivers which allow for
two dimensional imaging of the ionosphere using TEC data [Afraimovich et al., 2001;
Liu & Lin, 2004]. These studies have also observed a solar zenith angle dependence
of SITEC [Zhang & Xiao, 2003; Wan et al., 2005].
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Figure 1.8: Solar eruption of energy and particles and corresponding effects on
Earth.
1.4.1 Different Sources of Ionospheric Disturbances
The main causes of SIDs are described below.
(i) Solar flares
Solar flares are the sudden burst of electromagnetic energy and particles from coronal
magnetic loops in the active regions near the sunspots area of the solar disk. The
generated electromagnetic energy emissions contain the X-rays, Gamma rays, UV,
microwaves, optical and radio waves. The total energy output of a typical solar flare
could be of the order of 1030 ergs. The duration of solar flares vary from about 3 min
to 2 h. Solar flares are associated with the sunspot activity and are more frequent
around the peaks of the 11 year sunspot cycles.
Causes of Solar flares
Recent theory states that the magnetic reconnection of the field lines in the corona
releases magnetic energy (Figure 1.9) which accelerates particles to relativistic speed.
These particles travel down the magnetic loops emitting microwave radiations. When
they reach the foot points of the loops in the chromosphere, the result is a electron-
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Figure 1.9: Model of a solar flare. Magnetic reconnection of the field lines in the
corona is responsible for flare energy (adapted from Masuda, 1994).
ion breaking radiation (Bremsstrahlung radiation) in the hard X-ray range. During
this time the loops begin to gradually fill with a hot plasma, emitting thermal soft
X-ray radiation. Thus there are three phases of solar flares:
(a) Pre-flare phase: Slight brightening of soft X-ray and microwave emissions.
(b) Impulsive phase: Particles are accelerated to relativistic speeds and travel
down the magnetic loops into the chromosphere where non-thermal electron-ion
bremsstrahlung is emitted in the hard X-ray range.
(c) Gradual phase: Magnetic flare loops gradually fill with plasma and heat up,
emitting thermal soft X-ray radiation.
Ionospheric effects
X-rays and UV radiation emitted during solar flares affect the Earth’s ionosphere
and thereby disturb the radio communication systems on the Earth and satellites
operations in space. In general, a solar flare affects the whole upper atmosphere and
ionosphere depositing different amount of energy at different altitudes and producing
variation of ionization density with altitudes. Enhancement of UV flux during a
flare depends on both the flare intensity and position on the solar disk while X-ray
flux enhancement depends only on the flare intensity [Manju et al., 2012]. Thus
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Figure 1.10: Gamma rays (invisible) from GRB hit the Earth’s atmosphere initiating
changes in the atmosphere that deplete ozone and create a brown smog of NO2
(Image credit: NASA).
it has been seen that the response of the E-region to flares is directly related to
the X-ray flux enhancement whereas the F-region response depends on the central
meridian distance (CMD) of flares on the Sun. This is known as the limb effect and
it indicates that the UV flux controls the F-region. The effects of solar flares on the
D-region of the ionosphere will be described in detail in Chapter 3. Figure 1.8 gives
an illustration of the effects caused by solar flares on Earth.
(ii) Gamma Ray Bursts
Gamma Ray Bursts (GRBs) are the outburst of gamma ray photons associated with
extremely energetic short-lived explosions in distant galaxies. Typical life-time of
GRBs vary from milliseconds to several seconds. Most observed GRBs are believed
to happen due to supernova events, as a rapidly rotating high mass star collapses
to form a black hole, or due to the merger of binary neutron stars. The inverse
Compton process is the most accepted model in the scientific community by which
GRBs convert energy into radiation. In this model, pre-existing low energy photons
are scattered by the relativistic electrons within the explosion which augment their
energy by a large factor and transform them into gamma rays.
Ionospheric effects
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Figure 1.11: RHESSI and VLF observations, 10 s after the flash, due to SGR1806-20
[Inan et al., 2007].
The powerful rays from GRBs affect the Earth’s ionosphere modifying the elec-
trical conductivity of the ionosphere and produce detectable SIDs on the amplitude
and phase of the VLF signals. In fact, calculations show that if gamma ray photons
from a relatively nearby star explosion hit the Earth for only 10 seconds, it could
destroy half of the Ozone layer which would in turn trigger mass extinctions [Russell,
1979; Thorsett, 1995].
Since GRBs occur in random directions, GRB-facing part of the Earth’s atmo-
sphere will be primarily affected. For VLF paths between a transmitter and receiver,
it is necessary that the total or most of the path lies in the hemisphere illuminated
by the gamma ray photons. The first ionospheric response of a GRB using VLF was
detected on 1983 [Fishman & Inan, 1988]. They observed simultaneous amplitude
changes in three VLF paths (England-Palmer, Maryland-Palmer, Hawaii-Palmer)
due to the GRB (GRB830801). Since then there are many more detections using
VLF signals as the main diagnostic tool [Inan et al., 1999; Fishman et al., 2002;
Schnoor et al., 2003, GCN-2176; Tanaka et al., 2008].
The largest gamma ray burst, till now, was detected on December 27, 2004 on
Hawaii-palmer VLF path in daytime solar illuminated ionosphere. The GRB came
from a soft gamma ray repeater (SGR1806-20), a rotating neutron star with an
enormous magnetic field, 50,000 light years away and caused a decrease in VLF
signal amplitude by 20 dB (shown in Figure 1.11). It was so intense that it ionized
the atmosphere down to an altitude of 20 kilometers, though lasted for few seconds
[Inan et al., 2007].
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Figure 1.12: Difference between LEP event and early/fast event with associative
spherics [Sampath et al., 2000].
(iii) Lightning
Lightning can perturb the sub-ionospheric VLF propagation directly or indirectly.
Direct perturbations in the sub-ionospheric VLF signals occur within 20 ms of (i.e.,
early) the associated lightning discharges and typically are rapid (i.e., fast) and are
called “Early/Fast” VLF perturbations [Inan et al., 1988, Sampath et al., 2000].
The onset durations of these events are less than 100 ms. They are attributed to
heating and ionization of the lower ionosphere by intense electromagnetic pulses
from lightning discharge which implies a direct energetic coupling process between
lightning in the troposphere and the lower ionosphere. Early VLF events have been
extensively studied mostly at Stanford University [Inan et al., 1995; Johnson & Inan,
2000; Barrington-Leigh et al., 2001; Moore et al., 2003; Marshall et al., 2006] and
also from many others [Dowden et al., 1996; Molchanov et al., 1998; Rodger, 2003;
Mika et al., 2008].
Lightning generated VLF impulses which produce whistlers in the magneto-
sphere, undergo cyclotron resonance with the trapped electrons in the magneto-
sphere. The electrons which are pitch angle scattered into the loss cone, precipitate
into the ionosphere producing secondary ionization in the lower ionosphere. This
process produce VLF perturbations known as lightning induced electron precipita-
tion (LEP) events. The onset of LEP event occurs after a characteristic time delay
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of ∼ 1s following the sferic occurrence while the early/fast events occur within 20
ms after the associated sferic (Figure 1.12).
(iv) Meteor Showers
Meteors while entering the Earth’s atmosphere from outer space produce ionized
trails in the height range 80–120 km. Billions of these ionized trails are produced
daily. They usually diffuse very rapidly and disappear within a few seconds [Davies,
1990]. Due to collisions with the neutral molecules, the kinetic energy of the mete-
ors converted into potential energy of ionization and produce extra ionization in the
ionosphere. VLF phase perturbation associated with the Lyrid, delta-Aquarid and
Perseid meteor showers was first reported by Chilton (1961) on the 16 kHz trans-
mission path from Rugby, England, to Boulder, Colorado. It was also reported that
meteor shower produces ELF-VLF waves which propagate and reach the ground
at the same instance as the optical signal [Keay 1995; Beech et al., 1995; Zgrablic
et al., 2002]. Many workers have also detected perturbations in the amplitude of
sub-ionospheric VLF signals [Chakrabarti et al., 2002; De et al., 2012].
1.5 Other Ionospheric Disturbances
There are many other ionospheric disturbances which are associated either directly
or indirectly with the events on the Sun.
1.5.1 Polar Cap Disturbances
Polar Cap is the upper atmosphere cum magnetosphere region which is enclosed by
the poleward boundary of the auroral oval characterized by open geomagnetic field
lines [Sivjee et al., 2003]. High energy particles, mainly protons, emitted with the
solar flares or CMEs enter the polar ionosphere through the polar cap and ionize the
upper atmosphere. Protons may have energy in the range 1 to 400 MeV. Protons
with energies grater than 30 MeV can reach 50 km and are responsible for polar cap
radio absorption (PCA). While the extremely energetic protons (∼ 500 MeV) can
reach the ground where they are detected by the cosmic ray detectors producing
ground-level events (GLE).
PCAs are studied by riometers, VHF forward scatter, VLF reflections and ionoson-
des. Amplitude and phase anomalies occur on transpolar VLF wave propagation
path during PCA events. Generally much larger signal losses and phase advances
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Figure 1.13: Sub-auroral particle precipitation event on the propagation path from
the NRK transmitter (Iceland, 37.5 kHz) to (52◦ N 8◦ E) displayed by the red curve
over quite day data (blue curve) [Schmitter, 2011].
are reported on transpolar paths during PCA events [Bailey, 1964; Burgess & Jones,
1967; Crombie, 1965; Mitra, 1974; Reder & Westerlund, 1970; Westerlund et al.,
1969]. Relativistic electron precipitations (REP) at auroral latitudes (60◦ - 75◦) also
disturbe the VLF radio wave propagation (Figure 1.13) [Westerlund, 1973; Larsen,
1979; Schmitter, 2011]. REP events have a large latitudinal extent (∼ 2000 km)
with electron energies about 500 keV and most events generally last from 1 to 6
hours.
1.5.2 Earthquakes
In addition to the solar or extra-terrestrial forcing from above, the upper atmosphere
can also be affected by volcanic eruptions, earthquake phenomena, different mete-
orological conditions which excite atmospheric gravity waves in the troposphere or
stratosphere (forcing from below). Among these, earthquakes are reported to pro-
duce large perturbations in the upper atmospheric plasma states. Recently, it has
been established [Parrot et al., 1993, 2006 and references therein] that the iono-
spheric plasma was affected over the epicenters of future earthquakes and various
anomalies have been detected by satellites and ground-based facilities. Scientists
are trying to use this phenomena for short-term earthquake prediction.
There are many reports on the pre-seismic anomalous states in the atmosphere
and ionosphere as well as those in the near-Earth (telluric) currents and ultra-low
frequency electromagnetic variations prior to earthquakes [Hayakawa & Fujinawa,
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Figure 1.14: (Left) Location of the VLF transmitter (Omega, Tsushima) and re-
ceiver (Inubo) and (right) plot of diurnal variation of phase measurement (f = 10.2
kHz) around the Kobe earthquake. Significant change in the TTs has been observed
just before the EQ (January 17) [Hayakawa et al., 1996].
1994; Hayakawa, 1999; Hayakawa & Molchanov, 2002]. Among different electromag-
netic effects, the detection of seismo-ionospheric perturbations in VLF/LF phase
and amplitude have attracted a lot of interests in the scientific community and
have been reported to occur before large earthquakes [Hayakawa & Fujinawa, 1994;
Parrot, 1995].
Significant shifts in both morning and evening terminator times of the VLF signal
from Omega Japan received at Inubo ∼1000 km away have been observed (Figure
1.14) before the Kobe earthquake (M=7.2) on 17 January 1995 [Hayakawa et al.,
1996]. Terminator times (TT) are defined as the times of minimum in amplitude
(or phase) around sunrise and sunset. They interpreted the shift in terminator time
in terms of the lowering of lower ionosphere by using the full-wave mode theory.
Since then there are many reports about the shifts in terminator times of the sub-
ionospheric VLF signals before the Earthquakes [Molchanov & Hayakawa, 1998;
Clilverd, Rodger & Thomson, 1999; Hayakawa & Molchanov, 2000; Hayakawa et al.,
2003; Chakrabarti et al., 2005, 2007]. Enhancement of fluctuations in the night time
amplitude and phase of the VLF signals possibly associated with seismic activities
have also been observed [Maekawa et al., 2006; Kasahara et al., 2010; Ray et al.,
2011]. Figure 1.15 shows the anomalous VLF signal behavior prior to earthquakes
monitored from ICSP-VLF network [Chakrabarti et al., 2010b].
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Figure 1.15: Anomolous diurnal behavior of the VTX (18.2 kHz) signal just before
the day of earthquake [Chakrabarti et al., 2010b].
1.5.3 Traveling Ionospheric Disturbances
Traveling ionospheric disturbances (TIDs) are relatively large scale, wavelike dis-
turbances in the ionospheric plasma. Generally the horizontal wavelengths of TIDs
vary from 100 km - 1000 km with periods ranging from a few minutes to hour.
Their propagation speed ranges from 50 m/s to 1000 m/s. TIDs are classified into
very-large-scale and medium-scale disturbances. Very-large-scale disturbances orig-
inate in the auroral zone associated with the geomagnetic storm and travel to great
distances with wavelengths of the order of 1000 km and periods of 1 h or more.
Medium-scale disturbances (MSTIDs) originate locally in the troposphere or strato-
sphere and can not propagate to large distances. MSTIDs have wavelengths ranging
from 100 - 200 km with periods 5 to 45 minutes [Davies, 1990].
One of the main reasons behind the traveling ionospheric disturbances to occur
is the atmospheric gravity waves (GWs). Such gravity waves transfer energy and
momentum between the lower, middle and upper atmosphere while propagating
upward and could manifest themselves as TIDs in the ionosphere. Strong evidence
for gravity wave seeding of ionospheric plasma irregularities has been found by the
Arecibo incoherent scatter radar [Nicolls & Kelley, 2005]. The causative gravity
waves, generated by the intense geomagnetic activity at auroral latitudes, observed
to propagate primarily in the meridional direction as a train of large-scale traveling
ionospheric disturbances (TIDs).
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1.6 Major Scientific Achievements Reported in this Thesis
1. We developed a wave-hop code to simulate the short-path VLF signal propa-
gation characteristics. We applied this code for the propagation of VLF signal
from the Indian Naval transmitter named VTX to anywhere within the Indian
sub-continent.
2. We used the Long Wave Propagation Capability (LWPC) code to predict and
explain the propagation characteristics of VLF signal in Indian sub-continent.
We simulated the normal diurnal behavior of VLF signal from the coupled IRI
and LWPC model.
3. We estimated the effects of solar flare on EIWG. We showed the variation of
electron density profile of the D-region during a M2.0 solar flare via the effects
on two different VLF frequencies along a short and long VLF paths. The short
VLF path is found to be a good detector for solar flares.
4. We simulated the VLF signal perturbations for several propagation paths as-
sociated with the Total Solar Eclipse of July 22, 2009. Both wave-hop and
LWPC codes have been used. The enhancement of the VLF reflection heights
along the different paths and the variation of D-region electron density profile
have been shown quantitatively.
5. We have modeled and derived the D-region parameters from the perturbation
on VLF signal during the Annular Solar Eclipse of January, 2010. During the
eclipse, a C1.3 type solar flare occurred which was partly blocked by the Moon
and left its trace on the VLF signal. The effect of this occulted flare on D-
region electron density profile along with the solar eclipse have been deduced.
This was a first report where the effects of two simultaneous events on the
D-region electron density profile are seen clearly from our VLF data.
Chapter 2
Simulation of VLF Wave Propagation
The goal of this thesis is to simulate the VLF wave propagation characteristics
under various realistic conditions of the EIWG boundaries. The simulated results
are compared with the experimental measurements. For these, we have taken data
from the VLF receivers of ICSP-VLF network and also from the receiver of other
networks that are available publicly. ICSP-VLF network monitors several worldwide
VLF transmitters. These transmitters are mainly used for Naval communication by
the Navy people. Before going into the simulation part, first we will briefly describe
the recording of VLF signals and their general diurnal and seasonal behavior. Then,
we will discuss the propagation mechanism, simulation of VLF signal behavior using
ray-theory and waveguide mode theory.
2.1 Recording of VLF Signals: Experimental Set-up
The VLF recording system consists of mainly three parts; one receiving antenna,
one receiver/amplifier, one computer (Figure 2.1). The receiving antenna can be of
two types, namely, the magnetic loop or B-field antenna which receives the magnetic
component of the VLF signal and the electric field or E-field antenna which receives
the electric component of the VLF signal. The E-field antenna picks more electrical
noise and also noise picking ability depends on the local meteorological conditions,
while the loop antenna is much less dependent on the local environment. Most of the
VLF data used in this thesis are received by loop antennas. The VLF waves have
huge wavelengths ranging from 10–100 km. Since the dimension of the magnetic loop
antenna is very small as compared to the wavelength of VLF waves, the time varying
magnetic field can be considered as uniform across the area of the loop inducing an
open circuit voltage at the loop terminals. Generally, the axis perpendicular to the
loop is oriented orthogonal to the propagation path from a particular transmitter
29
Chapter 2. Simulation of VLF Wave Propagation 30
Figure 2.1: Typical VLF recording system of ICSP-VLF network.
to get the maximum signal strength from that transmitter. The output from the
antenna is fed to the receiver where significant amplification of the signal amplitude
is done by using suitable amplifiers. The receiver output is finally fed into the sound-
card of the computer where the analog signal is converted into the digital signals
and the data acquisition software records the amplitude and phase of the signals
with time.
In addition to taking data form ICSP-VLF network, one VLF receiving system
with a loop antenna and a SUPERSID VLF receiver [http://solar-center.stanford.edu
/SID/sidmonitor/] is also installed in the SNBNCBS. Figure 2.2(a) and Figure 2.2(b)
show a square loop antenna and the SUPERSID VLF receiver installed there. Typ-
ical spectrum received at the Centre is shown in Figure 2.2(c), where the vertical
spikes standing on the natural noise floor represent the signal from VLF transmit-
ters. The receiver monitors these steady spikes while the noise floor may rise and
drops from time to time. Generally signals from the NWC (19.8 kHz) and VTX
(18.2 kHz) and sometimes from the DHO (22.1 kHz) were stronger at this site. In
Figure 2.3(d), we have shown a typical variation of signal amplitude from the NWC
transmitter (green curve) for quiet solar conditions and (red curve) for active solar
conditions with an M1.8 solar flare detected on the top of the diurnal variations.
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Figure 2.2: Square loop magnetic antenna (a) installed at SNBNCBS with a SU-
PERSID VLF Receiver (b). (c) Typical spectrum where the vertical spikes standing
on the natural noise floor represent the signal from VLF transmitters. (d) Diurnal
variations of NWC (19.8 kHz) signal amplitude for a solar quiet (green curve) and
active (red curve) day.
2.2 Typical Characteristics of Recorded VLF Signals
In Figure 2.3, we present the standard and solar-quiet diurnal variations of the
amplitude (and phase for phase stable transmitters) of NWC, VTX and JJI VLF
transmitters recorded at IERC/ICSP. The phase of the VLF signal is also recorded
for phase stable transmitter (like, NWC). In Figure 2.3(a), the blue curve is the
phase variation while the red curve is the amplitude variation for the NWC (19.8
kHz) signal. Figure 2.3(b) and 2.3(c) are the amplitude variations for the VTX (18.2
kHz) and the JJI (22.1 kHz) signals respectively. The great circle path distances
between the transmitters and the receiver are shown in Figure 2.4.
Each diurnal variation is characterized by the presence of two signal minima
around the local ground sunrise and sunset time of the receiver. The minimum
around the sunrise is called the sunrise terminator time (SRT) and the minimum
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Figure 2.3: Amplitude and Phase of NWC (19.8 kHz) signal (panel a), amplitude
of VTX (18.2 kHz) signal (panel, b), amplitude of JJI (22.4 kHz) signal (panel, c).
around the sunset is called the sunset terminator time (SST). The D-region disap-
pears at night and also the E-region becomes weak with less uniform electron density.
The fluctuations in the night time VLF signal amplitude are attributed to the fact
that the VLF signal reflects randomly from the upper E-or lower F-region with no
non-deviated attenuation at the lower D-region. Also, the atmospheric convections
and oscillations may result in such fluctuations. The appearance of the sunrise ter-
minator time (SRT) in the diurnal behavior actually signifies the formation of the
D-region, while the sunset terminator time represents the start of disappearance of
the D-region [Sasmal et al., 2009]. During the day time between the SRT and SST,
the signals vary with the solar zenith angle with the maximum amplitude around
the noon when the electron production rate in the ionosphere reached its maximum
level.
2.3 VLF Propagation Theory
The theory of propagation of VLF radio waves via multiple reflections between
the Earth and lower ionosphere has been known to us since 1930s. There are two
methods available in the literature to calculate and predict the field strength of very
low frequency (VLF) radio signals.
a) Ray theory.
b) Waveguide mode theory.
The choice of representation depends on the frequency of the signal and the distance
of propagation [Wait, 1962; 1998].
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Figure 2.4: Great circle path distances between the receiver at IERC and the trans-
mitters VTX, NWC and JJI.
2.3.1 Ray Theory
The ray theory is generally easier to visualize and analyze the propagation mecha-
nism using the principles of geometric optics. Thus it is assumed that the ionization
density is not changing very appreciably within the distance of one wavelength of the
propagation wave. This method simply traces the different discrete ray paths (sky
waves) that complete an integral number of reflections between the transmitter and
the receiver (Figure 2.5). The number of complete reflections of the wave between
the Earth and ionosphere before it reaches the receiver is called the order of the ray
path. Theoretically, there are infinite number of ray paths between a transmitter
and a receiver. Since the absorption and transmission rates are higher for higher
order ray paths, the net effect of these rays at the receiver becomes less and less
significant. Thus it is sufficient to consider only a finite number of low order rays
[Davies, 1990; Wolf, 1990; Poulsen, 1991].
Near the transmitter (d < 300 km), most of the energy is propagated by the direct
and the ground reflected waves (over line-of-sight distances) and by the surface wave.
The combination of these three is referred to as the ground wave. As the distance
increases, another component of the wave which is reflected from the ionosphere,
plays a dominant role. This ionosphere-reflected components are referred to as the
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Figure 2.5: Ray path geometry within the EIWG between the transmitter (T) and
the receiver (R). The points from where the wave is reflected at the ionosphere are
marked.
sky-waves. Phase differences between the sky-waves and the ground wave can cause
constructive and destructive interferences at any given receiving point. As a result,
the composite field can vary significantly from point to point over a propagation
path. Within the ray theory, the total field is represented in terms of the sum of
the ground wave and the discrete sky-waves.
2.3.2 Mode Theory
ELF and VLF radio waves propagate globally without much attenuation (∼ 2 − 3
dB/Mm) since the reflection coefficient is high. That is why the study of ELF and
VLF radio waves is very significant. The ray theory is not very useful for larger
propagation distances. In such a case, it is useful to represent the propagation
mechanism in terms of the waveguide modes: where the waveguide is formed by the
Earth surface as the lower boundary and the lower ionosphere as the upper bound-
ary. The total field at any point in the guide is obtained in terms of sum of an infinite
series of discrete “waveguide modes” [Morfitt & Shellman, 1976]. These “waveguide
modes” are found by solving the Maxwell’s equations with proper boundary condi-
tions. Consequently, the waveguide modes can be defined as “a form of propagation
of waves that is characterized by a particular field pattern in a plane transverse to
the direction of propagation, while the field pattern is independent of position along
the axis of the guide” [Davies, 1990].
The order of a mode actually represents the number of maxima and minima in
the transverse vertical field pattern. For a VLF signal propagation at long distances
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Figure 2.6: Electric field pattern in an ideal EIWG [following Davies, 1990].
it is sufficient to consider only a few low order modes as the higher order modes
attenuate at a faster rate, thus the mode theory becomes an automatic choice for
relatively larger propagation distances. Figure 2.6 shows a simple picture of mode
configuration within an ideal EIWG with ionospheric and ground reflection coeffi-
cient of −1 and +1 respectively. The cut-off frequency of the waveguide is given
by,
fn =
nc
2h
,
where n is the order of the mode. The modes with a frequency greater than fn
propagate with group velocity,
vgn =
c�
(1− f2n
f2
)
,
which approaches zero as f approaches fn. Below a cut-off frequency, the wave will
attenuate strongly within the waveguide and is called an evanescent mode. The
normal day time cut-off frequency of the first order mode for EIWG is ∼ 2 kHz.
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Brief Review of VLF Waveguide Mode Theory
There are three primary mathematical formulations of waveguide mode theory for
VLF wave propagation in the EIWG. These are pioneered by J. Galejs (1972),
J. R. Wait (1962) and K. G. Budden (1966). The main difference between these
formulations lies in the treatment of the ionospheric and ground boundaries. Galejs
(1972) described the ionosphere as sharply stratified with a free space below the
interface and a homogeneous ionosphere above. Since the real ionosphere is smoothly
varying, the Galejs formulation is inadequate for those works which require accurate
modeling of the ionospheric reflection process [Cummer, 1997].
The comprehensive derivation of waveguide mode theory of VLF propagation
was published by Wait in a number of papers in the 1950’s and 1960’s and was sum-
marized in his book [Wait, 1962]. In this formulation the upper and lower boundary
are specified by the conductivity, permittivity, and permeability of the boundary
regions explicitly. The method also applies for smoothly stratified ionosphere. How-
ever, Wait assumes that the upper boundary regions are isotropic, which is not the
case for the magnetized plasma comprising the ionosphere. On the other hand, Bud-
den waveguide theory is the most general one, because it describes the upper and
lower waveguide boundaries in terms of completely general reflection coefficients, so
that they can be comprised of any medium, sharply bounded or stratified, or even
anisotropic.
After the development of the basic theory, the focus was towards the solution
of modal equations under realistic conditions of the ionosphere and Earth surface.
The first computation of VLF propagation using a computer program was made by
Pappert et al., (1967) with exponential ionospheric profiles as defined by Wait &
Spies (1964). Then the significant development in VLF mode theory came through
the inclusion of the effects of modal conversion resulting from the inhomogeneity of
the upper or lower boundary of the waveguide across the day night terminator and
the land-sea boundary [Wait, 1970; Smith, 1974; 1977; Pappert & Snyder, 1972;
Pappert & Morfitt, 1975; Barr, 1987]. As a result of all these developments it was
possible to solve the modal equation for an inhomogeneous, anisotropic waveguide
with finite conductivity of the ground and then provide the modal summations along
a path over which the ionosphere and ground parameters vary with propagation
distance [Barr et al., 2000].
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2.4 Simulations Using Ray or Wave-hop Theory
Here we calculated the received field strength of VLF waves using ray theory ap-
proach. As discussed earlier, the resultant field strength is the sum of all sky waves
and ground wave for short propagation paths. The paths between a given trans-
mitter and the receiver are shown geometrically in Figure 2.5. Depending on the
distance between the transmitter and the receiver, these propagating waves may
reflect one or more times by the reflector (i.e., the lower ionosphere). The paths are
named as 1-hop, 2-hop, etc. according to the number of reflections taking place in
the ionosphere. The total field at R, the receiving point, is then the vector sum of
the fields due to each path including the ground wave.
2.4.1 Basic Model and Calculations
Sky-waves
Consider a short vertical dipole (L≤ 0.1λ) radiating Pt kW of power. The ground
wave component propagates along the surface of the Earth and depends on the
property of the ground. The other component, i.e., the sky-waves propagate along
the EIWG and their properties are highly dependent on the electron concentration
in the ionosphere as well as on the height of the ionosphere. The incoming sky-waves
beyond the skip-zone can be received by a short vertical electric antenna or by a
plane loop antenna. If the reception is made by a plane loop antenna located on the
surface of the Earth, the signal strength is given by:
E1 = 600
�
PtCosΨRiFiFtFr/L mV/m,
where
L: sky-wave path length in km
Ψ: angle of departure and arrival of the sky-wave relative to the horizontal
Ri: the ionospheric reflection coefficient which is the ratio of the reflected electric
field component to that of the incident field component parallel to the plane of in-
cidence
Fi: ionospheric focusing factor
Ft: transmitting antenna factor
Fr: receiving antenna factor
On the other hand, if the reception is made using a short vertical antenna then
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the field strength is given by:
E1 = 600
�
Pt(CosΨ)
2RiFiFtFr/L mV/m.
For a 2-hop sky-wave mode, the field strength E2 received by a loop antenna is
given by:
E2 = 600
√
PtCosΨRi1Ri2Fi1Fi2RgFtFrDg/L2 mV/m,
where, Ri1 and Ri2 are the reflection coefficients for the first and second reflections
Dg is the divergence factor caused by spherical Earth, approximately equal to 1/Fi
Rg is the effective reflection coefficient of the finitely conducting Earth
Fi1 and Fi2 are the focusing factors for first and second reflection
L2 is the total radio path length of 2-hop sky-wave
Assuming an uniform ionosphere over short distances, we can say Fi1 Fi2, (Rec.
ITU-R P.684-3, 2002; Wakai et. al., 2004) so that
E2 = 600
√
PtCosΨR
2
iFiRgFtFr/L2 mV/m
Similarly, the field strength for higher order hop sky-waves can be obtained.
Ground-wave
Propagation curves for the ground wave are obtained from the GRWAVE computer
program. GRWAVE calculates the ground wave field strength in an exponential
atmosphere as a function of frequency, antenna heights and ground constants; ap-
proximate frequency range 10 kHz-10 GHz [Rec. ITU-R P.368-7, 1992]. Here we
present the ground wave propagation curves of the VTX (18.2 kHz) transmitter (Fig-
ure 2.7) for three ground conditions of sea water (�:70, σ:5 S/m), medium ground
(�: 15, σ: 0.002 S/m) and dry ground(�: 7,σ: 0.0003).
Resultant field strength and phase
The resultant field strength due to superposition of 1-hop sky-wave and ground wave
is calculated as following [Yoshida et al., 2008: Wakai, 2004]:
I2 = E21 +G
2 + 2E1GCosφ
where φ is phase delay of 1-hop sky-wave with respect to the ground wave. Similarly,
to calculate the resultant field due to a superposition of 1,2-hop sky-waves and
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Figure 2.7: Variation of the field strength of the ground wave with the propagation
distance from the transmitter for three ground conditions with frequency 18.2 kHz.
ground wave the following formula is used:
I2 = E21 + E
2
2 +G
2 + 2E1GCosφ1 + 2E2GCosφ2 + 2E1E2Cosφ.
Here φ1 and φ2 are the phase delays of 1-hop and 2-hop sky-waves with respect to
the ground wave and φ is the phase delay of the 2-hop sky-wave with respect to
1-hop sky wave. Following the same procedure one can find the resultant filed as a
superposition of more number of sky-waves and ground wave as required.
Reflection height model
Effective ionospheric reflection height varies as a function of solar zenith angle (χ)
and season. The diurnal variation of VLF field strength is very sensitive to the
variation of reflection height. One has to know this variation accurately in order to
reproduce the diurnal variation of VLF signals. We have introduced two parameters
h and δh in the reflection height model, where h is the effective reflection height of
the day time lower ionosphere and δh is such that,
h+ δh = hn,
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Figure 2.8: Variation of the effective ionospheric reflection height (km) with time
of the day used for simulating the diurnal variation of VLF field strength [Pal &
Chakrabarti, 2010].
where hn is the night time reflection height. Figure 2.8 shows the variation of h(χ)
for three seasons (i.e., summer, winter and equinox).
Focusing and Antenna Factors
The ionospheric focusing factors for day and night conditions and the transmitting
and receiving antenna factors for three ground conditions of sea water, land and
dry-ground are adapted from Rec. ITU-R P.684-3 (2002).
Ground reflection coefficient
The ground reflection coefficient for vertical polarization is calculated as a function
of frequency f in kHz, elevation angle Ψ, dielectric constant � and conductivity σ in
S/m from the equation given in Wakai (2004):
Rg = (n
2sinΨ− (n2 − (cosΨ)2)1/2)/(n2sinΨ+ (n2 − (cosΨ)2)1/2),
where n2 = �− j18σ106/f.
Figure 2.9 shows the variation of ground reflection coefficient of 18.2 kHz as a func-
tion of elevation angle for three different ground conditions.
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Figure 2.9: Variation of ground reflection coefficient with elevation angle for three
ground conditions of sea water (�: 70, σ: 5 S/m), medium ground (�: 15, σ: 0.002
S/m) and dry ground(�: 7,σ: 0.0003).
Ionospheric reflection coefficient
The ionospheric reflection coefficient for a West-East path is set to 0.6 at night and
0.3 at day and for the simulation of diurnal variation of VLF field strength, the
reflection coefficient at day time is set to vary according to the solar zenith angle.
2.4.2 Results
Here we present the results of our computations. In Figure 2.10 we present the
diurnal variation of the resultant electric field strength of sky-waves and the ground
wave for the VTX-Kolkata path in Summer (chosen to be on June 21 for concrete-
ness). The green curve is obtained considering the contribution from 1, 2-and 3-hop
sky-waves and the ground wave, whereas the red curve is obtained only by consid-
ering 1-and 2-hop sky-waves and the ground wave. Addition of more hops produces
additional constructive and destructive interferences.
In Figure 2.11 we show the diurnal variation similar to Figure 2.10, however we
assume a winter (December 21) condition. The curves have the same meaning as
above. Note that the length of the ‘VLF’ day as obtained from the time of the first
fall of the signal and the final rise of the signal is shorter in winter.
Figure 2.12 shows the typical spatial variation of signal strength along the same
Chapter 2. Simulation of VLF Wave Propagation 42
Figure 2.10: Diurnal variation of the resultant electric field strength obtained from
the sky-waves and the ground wave for the VTX-Kolkata path in Summer. See text
for details.
path (VTX-Kolkata) with bearing 34.6◦ with respect to the transmitter. The black
curve represents the typical day time variation while the blue curve represents the
typical night time variation. Note that the day time path is quite stable with less
number of minima and maxima in the signal strength. Here the value of day time
and night time ionospheric reflection coefficients are 0.3 and 0.6 respectively. The
wave-hop theory can also be used to compute the phase of the received wave under
ideal conditions. In Figure 2.13, we present the variation of the wave phase, the
dashed curve being for the summer and the solid curve being for the winter.
In order to understand the variation of the ionospheric parameters from day to
day and from season to season, we can check the variation of the diurnal signal as
the parameters are changed. In Figure 2.14, we give an example of how the signal
changes with height (km) of the D-region in the day time. We also vary dh, the
differential change in height of the ionosphere between the day time and night time.
This is drawn for VTX-Kolkata propagation path at 18.2 kHz. We can compare the
observational results with this chart to obtain h and dh.
In Figure 2.15, we show how the diurnal behavior of the signal changes with the
month of the year. We note that the interference patterns around the local sunrise
or sunset time gradually die out from June to December. These are to be compared
with actual observations.
To check the wave-hop model, one needs to compare the simulation results with
the observational data. Here in Figure 2.16, we compare typical variations of VTX
Chapter 2. Simulation of VLF Wave Propagation 43
Figure 2.11: Same as Figure 2.10 but the day was chosen to be December 21. Note
that the length of the ‘VLF’ day as obtained from the time of the first fall of the
signal and the final rise of the signal is shorter in winter.
signal (18.2 kHz) in summer (blue curve) and winter (red curve) as recorded at ICSP,
Kolkata. The weak signal in winter day time shows a strong absorption of the wave
amplitude in the D-region ionosphere as compared to summer. This phenomenon
is called the D-region winter anomaly which may not be directly related to the
solar activity, but sometimes directly correlated to the planetary wave activity in
the lower troposphere-mesosphere region [Schmitter, 2011]. In the second panel of
Figure 2.16, we show our simulation results for a typical summer and a winter day.
2.4.3 Limitations of Ray Theory
The ray theory gives an easy way to calculate the total field as a sum of ground
wave and sky waves. For shorter VLF propagation distances and also for higher
frequency (LF and higher) ray theory can be applied with sufficient confidence and
becomes the method of choice. However, it is difficult to use ray theory for distances
greater the 3000–4000 km as the number of sky-waves will be large and mathemat-
ical expression will become very complex. The effect of the geo-magnetic field on
VLF propagation does not arise explicitly in the wave-hop theory, which affects
the ionospheric reflection coefficient for different direction of propagation. Also, for
inhomogeneous waveguides such as across day-night ionospheric gradients, the ge-
ometry is ill-defined and depends on the approximations made about the waveguide
cross-section.
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Figure 2.12: Variation of signal strength along the VTX-Kolkata propagation path.
Black curve represents the typical day time variation while blue curve represents the
typical night time variation.
Figure 2.13: Typical phase variation of VTX (18.2 kHz) signal for summer and
winter [Pal et al., 2011].
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Figure 2.14: Variation of diurnal signal strength of 18.2 kHz VTX wave at Kolkata
with the D-region height (h) and its increase at night (dh) as parameters [Pal &
Chakrabarti, 2010].
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Kolkata [Pal et al., 2011].
Figure 2.16: First panel shows the observed diurnal behavior of VTX signal in
summer (blue curve) and winter (red curve) as recorded in Kolkata. Second panel
shows the simulated results for the same obtained from the ray theory code.
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2.5 Simulation Using Waveguide Mode Theory
Mode theory assumes that the energy within the waveguide is distributed among
a series of modes. Here each mode is characterized by a discrete set of angles of
incidence of the waves on the ionosphere for which the wave energy will propagate
away from the source. These complex angles are called eigen angles or modes and
are obtained by solving the determinantal equation -
F (θ) = [Rg(θ)Ri(θ)− I] = 0,
which is called the modal equation. Here, Rg and Ri are the 2×2 reflection matrices
of the ground and the ionosphere respectively:
Ri =
�
�R� �R⊥
⊥R� ⊥R⊥
�
,
Rg =
�
�R
�
� 0
0 ⊥R
�
⊥
�
,
and I is the unit matrix.
The left subscript on the matrix elements denotes the incident wave polariza-
tion and the right subscript denotes the reflected wave polarization. R denotes a
downward reflection coefficient and R� denotes an upward reflection coefficient. The
cross terms are also called the conversion coefficient and are zero in Rg(θ) because
the ground is not anisotropic.
The ionospheric reflection coefficient matrix Ri is numerically obtained by the
wave-admittance method, which is one of the full wave methods suggested by Bud-
den. The ground reflection matrix Rg is calculated in terms of the solutions to
Stokes equation and their derivatives [Rec. ITU-R P.684-3, 2002]. Once the val-
ues of reflection matrices are obtained, the modal equation is solved for as many
modes (θn) as consistent with the imposed boundary conditions. From the set of
θ’s, the propagation parameters such as - the phase velocity, the attenuation rate,
the magnitude and phase of the excitation factors, height gain function are calcu-
lated. Using these parameters in a proper mode summing procedure the total field
amplitude and phase are computed at some distant point.
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2.5.1 Long Wave Propagation Capability Code
The LongWave Propagation Capability (LWPC) code developed by the Naval Ocean
Systems Center [Ferguson et al., 1989; 1998] computes field values for VLF signal
propagation using the two-dimensional waveguide propagation formulation for an ar-
bitrary propagation path and ionospheric conditions along the path, including the ef-
fects of the Earth’s magnetic field. This program has been used by many workers and
is quiet successful for modeling of long-range propagation of VLF signals also in the
presence of ionospheric anomalies. The working of the entire code can be described
briefly by describing its three main parts: PRESEG, MODEFNDR/MODESRCH
and FASTMC.
PRESEG automatically determines the necessary waveguide parameters along
the given propagation path. The path parameters are distance in km, geomagnetic
azimuth in degrees East of North, geomagnetic dip in degrees from the horizontal,
strength of the geomagnetic field in Webers/m2, ground conductivity in Seimens,
ratio of the dielectric constant of the ground to that of free space, the slope of an
exponential ionosphere (β) in km−1, and its reference height (h�) in km. To include
any inhomogeneity in the lower or upper waveguide boundary, one can modify or
override the default path parameters.
Earlier developed MODESRCH/MODEFNDR program for obtaining ELF/VLF/
LF mode constants in an EIWG [Morfitt & Shellmann, 1976] is the workhorse of
the LWPC model. It takes the waveguide parameters from PRESEG and finds the
eigenangles and the necessary mode constants which satisfy the modal equation.
MODEFNDR also computes the excitation factors of each mode, which are needed
to calculate the final field strengths.
FASTMC performs the mode conversion calculations using the mode conver-
sion theory [Ferguson & Snyder, 1980] along the discontinuities in the inhomoge-
neous waveguide. The outputs from the MODEFNDR are used as the inputs of the
FASTMC.
The default propagation model in LWPC is Long-Wave Propagation Model
(LWPM) which treats the ionosphere as having exponential increase in conductivity
with height. A log-linear slope (β in km−1) and a reference height (h�) define this
exponential model. This default model defines an average value of the slope and
reference height that depends on frequency and diurnal conditions. For day time
ionosphere β = 0.3 and h� = 74 are constant for all frequencies between 10 kHz -60
kHz. In case of night time ionosphere h� = 87 km is constant for all frequencies but
β varies with frequency in the range 0.3 km−1 at 10 kHz to 0.8 km−1 at 60 kHz.
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2.5.2 Results from LWPC
Figure 2.17: a) LWPC predicted diurnal behavior for VTX (18.2 kHz) signal at
Dunedin. b) Diurnal behavior of VTX signal received at Dunedin, New Zealand by
UltraMSK network.
While the LWPC is generally used for signal coverage analysis, the default propa-
gation model in LWPC is quite usable for approximate prediction of diurnal behavior
of VLF signals at any place. As an example of such a calculation, we present Fig-
ure 2.17. Here, Figure 2.17(b) represents the diurnal behavior of VTX (18.2 kHz)
signal received at Dunedin, New Zealand (great circle distance ∼10890 km) by Ul-
traMSK network [image taken from http://ultramsk.com]. Time is in UT hour.
Figure 2.17(a) represents the calculated diurnal behavior of the same using the de-
fault LWPC model. We can see that the diurnal shapes in this case are roughly the
same.
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Application in VLF Campaign
Indian Centre for Space Physics (ICSP) conducted VLF campaigns in which data
from more than a dozen places in India and Nepal were collected [Chakrabarti et
al., 2010a, 2012b]. Figure 2.18 shows the map of India showing all the receiving
stations employed in the VLF campaigns. Based on campaign results and VLF
diurnal shapes, the Indian sub-continent was roughly divided into four regions. In
the lower most region close to the transmitter, the signal is ground wave dominated.
In the Eastern region, the signal is E-type and in the Western region the signal is
W-type. In the middle, the signals in day and night are of roughly equal strength
(see Chakrabarti et al., 2010a; 2012b for diurnal shapes). The geomagnetic equator
and the magnetic longitude passing close to the VTX transmitter station are plotted
for reference.
Figure 2.18: The division of the Indian sub-continent as a results of VLF campaigns.
In the lower most region close to the transmitter, the signal is ground wave dom-
inated. In the Eastern region the signal is E-type and in the Western region the
signal is W-type. In the middle, the signals in day and night are of roughly equal
strength [Chakrabarti et al., 2010a].
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It has been shown in Chakrabarti et al., (2012b) that the predicted shape of diur-
nal behavior from LWPC code roughly agrees with that of observations of VTX (18.2
kHz) signal at different places in India during summer and winter VLF campaign.
In Figure 2.19, we present the attenuation co-efficients of the first two waveguide
modes during the day time and night time propagations. The color bars represent
the attenuation in units of the dB/Mm. Contours of constant attenuation are su-
perposed on the plot. Along the X-axis we present the bearing angle with respect to
VTX transmitter and along the Y-axis we present the distance from the VTX sta-
tion which is located at the origin of the plot. All the stations where receivers were
kept are represented by filled circles. The circles having smaller positive bearings
are to the East of the geomagnetic meridian and those having larger bearings are
to the West of the geomagnetic meridian. The top left and top right panels show
attenuations of the first and the second modes at 12.00 IST. The bottom left and
the bottom right panels show attenuations of the first and second modes at 0.00
IST.
To show the signal behavior more clearly over the Indian sub-continent, Figure
2.20 is plotted for attenuation coefficient as a function of latitude and longitude.
Basically, both Figures 2.19 and 2.20 represent the same thing. It is interesting
to note that the schematic division of Indian sub-continent with respect to VTX
signal behavior (in Figure 2.18) is quantified in Figure 2.20 since it represents the
distribution attenuation coefficient.
A Comparison Between the LWPC and Wave-hop Codes
It is instructive to compare the results from our wave-hop model with those ob-
tained from the Long Wave Propagation Capability (LWPC) code. In Figure 2.21,
we present the day time spatial variation of the field strength of VTX (18.2 kHz)
transmitter as a function of propagation distance from the transmitter with a fixed
bearing of 34.6◦ which corresponds to VTX-Kolkata base line. The green curve
shows the day time (06:30 UT) variation of the field strength as obtained from the
LWPC code. In this case, the so-called Wait’s exponential parameters of the lower
ionosphere are β = 0.3 and h� = 74 km respectively. The red curve shows the day
time field strength variation as obtained from the wave-hop theory with parame-
ters h = 80 km Ri = 0.3. In this case, the field strength up to 1000 km is the
resultant of 1-and 2-hop sky-waves and the ground wave. Beyond 1000 km, the
field strength is calculated as a resultant of 1,2-and 3-hop sky-waves and ground
wave. The black curve shows the variation of field strength of the ground wave as a
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Figure 2.19: Variation of the signal attenuations as a function of the bearing angle
(X-axis) and distance from the transmitter (Y-axis). Superimposed are the contours
of constant attenuation. VTX is located at the origin of this plot. The locations
of all the stations are denoted by filled circles. a Mode 1 (daytime). b Mode 2
(daytime). c. Mode 1 (nighttime). d Mode 2 (nighttime) [Chakrabarti et al., 2012b]
function of distance over sea water with � = 70 and σ = 5 S/m.
We clearly see the evidence of the alternating destructive and constructive in-
terference patterns and both the theories seem to be predicting their locations at
roughly the same places. Note that below about 750 km, the ground wave is domi-
nant. However, with distance, the ground wave weakens and the sky wave dominates.
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Figure 2.20: Variation of attenuation coefficients of the VTX (18.2 kHz) signal as a
function of latitude and longitude. The location of VTX transmitter is indicated in
the figure. The left and right plots represent the night time attenuation coefficient
of mode 1 and mode 2 respectively.
We can repeat the same exercise for the night time signals. In Figure 2.22, we
show the signal amplitude as computed by our code (wave-hop) and LWPC. The
results are compared with the ground wave result (black curve). In this case the
bearing is fixed at 34.6◦ which corresponds to VTX-Kolkata base line. The Wait’s
exponential parameters are β = 0.38 and h� = 87 km (green curve). The wave-hop
parameters are h = 97 km and Ri = 0.6 (red curve).
Coupled IRI and LWPC
It is difficult to obtain the exact diurnal shape from the LWPC code, specially, the
day time variation of signal amplitude as a function of solar flux. It is necessary
to model the variation of ionospheric parameters as a function of solar zenith an-
gle. To avoid such difficulties we couple the FORTRAN code of the International
Reference Ionosphere model [Bilitza et al., 2008] with the LWPC code. As a result,
the electron-ion density profiles from the IRI-2007 model are computed along the
propagation path. These electron-ion density profiles are then used as the inputs in
the LWPC code. In Figure 2.23, we compare the day-night variation of the ampli-
tude of VTX signal at 18.2 kHz as observed in Kolkata with the simulated variation
as reproduced from the LWPC code. The dotted curve is obtained assuming the
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Figure 2.21: Comparison of the field strength with distance (from the transmitter)
as obtained by the our wave-hop theory (red) and the LWPC code (green). The
ground wave (black) amplitude decays with distance and at a long distance, the sky
wave becomes dominant [Pal et al., 2011].
electron-neutral collision frequency as described by Wait [Wait & Spies, 1964] which
is also the default collision frequency as set in LWPC code. The dashed curve is
obtained assuming the collision frequency as described by Kelley [Kelley, 2009].
2.6 Non-Reciprocity of VLF Propagation Theory
The propagation characteristics of VLF waves depend on the direction of propaga-
tion. There exists a difference in phase velocity and attenuation rate between the
East-to-West propagation and the West-to-East propagation. In 1925, Round et al.
suggested for the first time from their VLF signal strength measurements that the
West-East propagating signals were less attenuated than the East-West propagat-
ing signals. Until, 1950, the existence of such an event was not certain. In 1954,
Budden showed theoretically that propagation between two similar antennas along
the Earth’s magnetic field must be reciprocal. For certain angles of incidence of the
waves, the reciprocity condition was not satisfied if the direction of propagation was
across the Earth’s field. The non-reciprocity has been explained by suggesting an in-
teraction between the horizontal component of the Earths magnetic field transverse
to the direction of propagation and a component of the electric vector which rotates
in the vertical plane of propagation of the wave. Thus there exists a difference in
electron orbits in the plane of propagation [Barber & Crombie, 1959; Davies, 1990]
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Figure 2.22: A figure similar to Figure 2.21, however, the night time parameters
were used. In this case, the Wait’s exponential parameters are β = 0.38 and h� = 87
km (green curve) and the wave-hop parameters are h = 97 km and Ri = 0.6 (red
curve) [Pal et al., 2011].
for the East-West and the West-East paths. Figure 2.24 shows the variation of mag-
nitude of the reflection coefficient with ionospheric collision frequency parameter (β)
for 30 kHz signal. Red curve is the variation of reflection coefficient with collision
frequency parameter in the absence of a magnetic field, while the green and blue
curves are the same but in the presence of the magnetic field, for the East-West and
West-East paths respectively.
In Figure 2.25, we present a classic example of non-reciprocity between eastern
path (Kolkata) and western path (Pune) for the VTX (18.2 kHz) signal observed by
ICSP-VLF network in India. A careful observation shows that the sunrise pattern
of Pune is similar to the sunset pattern of Kolkata and vice-versa. This is due to the
fact that Pune is in West while Kolkata in East with respect to the VTX transmitter.
Also day time signal strength is much stronger for Pune.
2.7 Variation of Sunrise-Interference Pattern of VLF Signal
Figure 2.26 shows the variation of VTX (18.2 kHz) signal amplitude as it changes
from Winter (January) to Summer (June). It is clear that the VLF day-length
becomes broader from Winter to Summer as is obvious. The most noticeable fact is
that the shape of the interference pattern after the sunrise terminator time (SRT)
changes with season and there is a maximum and minimum followed by the SRT in
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Figure 2.23: Diurnal variation of VTX (18.2 kHz) signal amplitude received at
Kolkata. Solid line represents the observed data of July 21, 2009. Dotted curve rep-
resents the reproduced diurnal variation obtained using the electron-neutral collision
frequency as defined by Wait, which is the default in LWPC code. Dashed curve
represents the reproduced diurnal variation using the electron-collision frequency as
defined by Kelley (2009).
each diurnal shape. Denoting this bump between the two minima as post-sunrise
signal fluctuation (PSF) (as shown an inset in Figure 2.26), we found a relation
between the PSF and the angle (α) made by the sunrise terminator path with
the propagation path which is plotted in Figure 2.27. Thus we can see that the
larger PSF occurs when the sunrise terminator makes a small angle with with the
propagation path and vice-versa. The PSF may be related to the origin of another
lower ionospheric region called the C-region (60 - 75 km) [Raulin et al., 2010]. The
intensity of ionization in the C-region depends on the angle between the propagation
path and sunrise terminator line.
The nature of signal interference pattern around the ground sunrise time of the
receiver depends in general on the frequency of the signal, the position of the receiver
along the propagation path as well as on the interference pattern between the ground
wave and sky waves. In Figure 2.28, we have shown the behavior of the VTX (18.2
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Figure 2.24: Variation of magnitude of the reflection coefficient with ionospheric
collision frequency parameter (β) for 30 kHz signal [following the model in Barber
and Crombie, 1959].
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Figure 2.25: Example of non-reciprocity between the eastern path (Kolkata) and
western path (Pune) for the VTX (18.2 kHz) signal observed by ICSP-VLF network.
kHz) signal around the sunrise time of the receiver at different places received during
the summer VLF campaign of ICSP [Chakrabarti et al., 2010a]. The vertical arrows
represent the time of ground-sunrise time at the corresponding places. The proper
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Figure 2.26: Observed seasonal variation of VTX signal in terms of diurnal variation.
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Figure 2.27: Variation of the post-sunrise signal fluctuation (PSF) versus the angle
between the propagation path and sunrise terminator α.
simulation of such behavior at different places requires a complete general VLF
propagation model.
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Figure 2.28: The inference pattern around the sunrise time at different places in
India for VTX signal. Arrows represent the local sunrise time of the places.
Chapter 3
Effects of Solar Flares in the Earth-Ionosphere
Waveguide
3.1 Introduction
Solar flares have strong hard UV and X-ray components which increase the conduc-
tivity in the D-region resulting significant perturbations in the received amplitude
and phase of VLF radio signals propagating in the Earth-ionosphere waveguide (Mi-
tra, 1974; Thomson et al., 2001; Todoroki et al., 2007; Zigman et al., 2007). Soft
X-rays (below 1 nm) penetrate down to the D-region where they produce extra
ionization by (partially) ionizing all the neutral constituents, particularly the dom-
inant ones such as Nitrogen and Oxygen. Though Lyman-α is the main source of
ionization in this region, there is no significant change in Lyman-α flux during solar
flare (Swift, 1961). The enhancement in ionization in the D-region ionosphere due
to flares increases the VLF phase velocity and lowers the VLF reflection height.
Apart from the general effect of solar flares on ionosphere regarding the chemical
reactions, nowadays the research activity is concentrated towards modeling of the
VLF propagation in the presence of flares and estimation of electron density and
finding relations between the flares and its effects on VLF propagation.
In this Chapter, we have shown the effects of a solar flare on the D-region using
two VLF paths. Using LWPC code we computed the time variation of the VLF
reflection heights and the electron number densities during the flare event. We have
also shown the dependence of VLF perturbations due to solar flares on frequency,
propagation path and on the solar zenith angle.
60
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3.2 Observational Data
The VLF receivers of ICSP-VLF network are continuously monitoring several world-
wide VLF transmitter signals which include NWC (19.8 kHz), VTX (18.2 kHz) and
JJI (22.2 kHz) transmitters, as described in Chapter 2. In Figure 3.1, we present
a typical examples of NWC (19.8 kHz) signal as perturbed by solar flare events
observed from a ground based VLF receiver at IERC/ICSP. Here, the blue curve
represents the diurnal variation of NWC signal on a normal day (November 19,
2010) when there is no flaring activity on the Sun. The red curve shows the same
variation but with the presence of solar flares on an active day (February 16, 2011).
There is a sudden rise of the amplitude followed by a slow decay associated with
each type of solar flare.
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Figure 3.1: Detection of solar flares by monitoring the NWC signal at 19.8 kHz
by ICSP receiver. Blue curve represents the diurnal variation of NWC signal on
a normal day when there is no flaring activity on the Sun. Red curve shows the
perturbation of the signal due to solar flares on an active day.
Figure 3.2 shows the GOES-15 satellite detection of solar flares on February 16,
2011 (IST day) in two different X-ray bands. The red curve is for the soft X-ray
flux (in W/m2) between 1.0–8.0 A˙ and the blue curve is for the hard X-ray flux (in
W/m2) between 0.5–4.0 A˙. Solar flares are classified as B, C, M and X depending
on the peak flux in the soft X-ray band, with each class having a peak flux ten times
greater than the preceding one. .
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Figure 3.2: GOES-15 soft X-ray (1.0–8.0 A˙) and hard X-ray (0.5–4.0 A˙) flux on
February 16, 2011 (IST).
3.3 Effects of a Solar Flare on Two VLF Frequencies
An M2.0 class solar flare has been detected simultaneously on two different VLF
paths (VTX-Kolkata and NWC-Kolkata) by a VLF receiver at Kolkata (lat: 22◦
34� N, long: 88◦ 24� E) on 12th June, 2010. In case of VTX-Kolkata and NWC-
Kolkata, the flare produces a maximum amplitude deviation of 5.6 dB and 3.5 dB
respectively.
In Figure 3.3, we present the GOES satellite data (solid curve) of the X-ray flare
and the corresponding deviation of the VTX signal amplitude (dashed curve) due to
the flare as received from Kolkata. The VTX signal amplitude deviation in dB was
obtained by subtracting the data of the previous day from the data of the flare-day.
The time is given in Indian Standard time (IST=UT+5:30 h). The VLF signal is
behind the GOES signal by about 2.5 minutes. In Figure 3.4, we compare the same
X-ray data (solid curve) with the NWC (19.8 kHz) signal amplitude (dashed curve)
of the flare as received from Kolkata. The VLF signal lags behind the GOES signal
by about 1.5 minutes.
This time-delay between the peak of the satellite detection and VLF detection
is an important parameter for the ionosphere. It represents the “sluggishness” of
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June 12,2010: VTX 18.2 kHz
Figure 3.3: Solar flare event (solid line) with a peak X-ray irradiance at 06:27 IST on
12th June, 2010 and the corresponding disturbance of VLF signal amplitude of VTX
(18.2 kHz) transmitter (dashed line). The VLF signal amplitude peak occurred at
06:29.5 IST.
the ionosphere (Valnisek, 1972) and also allows us to estimate the effective recom-
bination coefficient indispensable for solving the electron continuity equation. It is
interesting to note that the time delay also depends on the propagation path and
VLF frequency. Note that the perturbation is weaker in the NWC signal. Also in
both the cases, the VLF signal decays slower than that observed in GOES data,
since the recombination time scale in the ionosphere is larger.
Now to deduce the changes in the ionospheric parameters due to this M2.0 flare,
we used the LWPC code developed by Ferguson et al. (1998). The Long-Wave
Propagation Model (LWPM) in LWPC treats the ionosphere as having exponential
increase in conductivity with height. A log-linear slope (β in km−1) and a reference
height (h�) define this exponential model. The quiet day values of β and h� have been
calculated during a flare time in the absence of flare. Then the range-exponential
model of LWPC has been used to calculate the set of β and h� parameters that lead
to the best agreement between the observed and calculated phase and amplitude
perturbations during the flare. Thus, using the time varying β and h�, the time
variation of the electron density height profile during solar flare event has been
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Figure 3.4: Solar flare event (solid line) with a peak X-ray irradiance at 06:27 IST on
12 June, 2010 and the corresponding disturbances of VLF signal amplitude of NWC
(19.8 kHz) transmitter (dashed line). The VLF signal amplitude peak occurred at
06:28.5 IST.
obtained.
3.3.1 Determination of β and h� Under a Flare Condition
We determine the observed amplitude perturbations ΔA by subtracting the quiet
day data on 11th June from the perturbed data on 12th June as-
ΔA = Aperturb − Aquiet.
These perturbations ΔA are then added to the simulated unperturbed value
which is obtained from the LWPC default program at the receiver site to obtain,
A�perturb = Alwpc +ΔA.
These A�perturb are then used for obtaining the β and h
� parameters under flare
conditions. The unperturbed values obtained from LWPC program for the two
propagation paths are-
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Table 3.1: An example of how the ionospheric parameters vary due to a solar flare.
Frequency FPT OPT Time ΔA(dB) β (km−1 h� (km) Ne at 74 km (m
−3)
(KHz) (IST) (IST)
VTX, 18.2 06:27 06:29 06:20 0.176 0.329 73.2 0.28117E+09
06:29 5.135 0.48 68.0 0.38498E+10
06:40 3.713 0.395 69.6 0.12288E+10
07:20 0.208 0.32 73.36 0.26522E+09
NWC, 19.8 06:27 06:28 06:20 0.244 0.32 74.1 0.20930E+09
06:29 3.794 0.42 68.3 0.23679E+10
06:40 2.996 0.388 69.5 0.12386E+10
07:20 0.465 0.322 73.5 0.25386E+09
VTX-Kolkata = 71.56 dB (above 1µV/m),
NWC-Kolkata = 58.82 dB.
Both of these correspond to β=0.3 km−1 and h� = 74.0 km.
To calculate the electron density profile for the lower ionosphere the following
well-known Wait’s formula was used (Wait, 1962; Thomson, 1993; Grubor, 2008):
Ne(h, h
�, β) = 1.43× 1013exp(−0.15h�)exp[(β − 0.15)(h− h�)],
where Ne is in m
−3.
Table 1 shows the deduced β and h� parameters and electron densities at different
times during the flare. In the second column we give the flare peak time (FPT)
according to GOES data. In the third column, we present the observed peak time
(OPT). The fourth column gives the time at which we compute the ionospheric
parameters. Other columns are self-explanatory.
3.3.2 Results
From Table 1, we see that the VLF reflection height due to the flare decreases
approximately by 6 km from the normal value for both the propagation path (VTX-
Kolkata - 6 km and VTX-NWC - 6.3 km).
In Figure 3.5, we present the variation of the electron number density with height
(in km) at various times during the flare using the VTX data. The dotted line gives
the density profile in a quiet day. The profile at 6:20 am, just at the beginning of
the rising phase of the flare, the profile is similar. At the peak of the flare (6:29
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IST), the variation became steeper – at higher altitude, say, at 90 km, the number
density is increased by a factor of a few hundred, while at a lower height, say at
about 60 km, the number density went up by the factor of a few. As time passes by
and the flare decays, the electron number density distribution tries to go back to its
‘normal’ quiet value.
Figure 3.5: Changes in the electron density profile in the lower ionosphere from 60
km-90 km during the solar flare M2.0 as deduced from the VTX (18.2 kHz) data
[Pal & Chakrabarti, 2010].
The sharpness in electron distribution (β) and the height parameter h� were also
found to respond to the X-ray flux. Figures 3.6 and 3.7 show the variation of β and
h� with X-ray flux for this flare. We note that there is roughly a linear correlation
between β or h� and X-ray flux.
Depending on the recombination time scale at different heights, the number
density of the electrons would vary with time. In Figure 3.8, we show in the same
plot variations of both the X-ray flux and electron density with time at a height
of 74 km. The shape roughly follows the VLF signal amplitude, but not the X-ray
flux, owing to the time delay due to recombination.
It is to be noted that the parameters one obtains from the LWPC are average
properties along the propagation path. They are not the absolute values at the
receiver point or the mid-point of the path (i.e., the place of first reflection). This
can be easily verified by comparing the deduced values for two VLF signals which
record the same flare. In Figure 3.9, we draw a plot similar to Figure 3.5 for the
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Figure 3.6: The D-region sharpness parameter β as a function of the X-ray flux in
the band 0.1− 0.8 nm.
NWC signal. We note that the highest electron number density is a factor of five or
so less than that in Figure 3.5 at a height of 90 km. In this case the path is longer,
and thus the average electron density is lower. In Figure 3.10, where the plot of
the variation of the electron density (dashed curve) is shown, we note that the peak
number density is much lower for NWC path than for the VTX path (Figure 3.8).
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Figure 3.7: The D-region height parameter h� as a function of the X-ray flux in the
band 0.1− 0.8 nm.
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Figure 3.8: Variation of average electron number density along the VTX-Kolkata
propagation path at a height of 74 km in the course of solar flare (dashed line). The
variation of X-ray flux (solid line) is also shown.
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Figure 3.9: Changes in the electron density profile in the lower ionosphere from
60–90 km during the the solar flare M2.0 deduced from NWC (19.8 kHz) data [Pal
& Chakrabarti, 2010].
Chapter 3. Effects of Solar Flares in the Earth-Ionosphere Waveguide 70
1e-07
1e-06
1e-05
0.0001
360 370 380 390 400 410 420 430 440
1e+08
1e+09
1e+10
X
-r
ay
fl
u
x
(W
m
−
2
)
E
le
ct
ro
n
d
en
si
ty
(m
−
3
)
Time in minutes (IST)
Figure 3.10: Variation of average electron number density along the NWC-Kolkata
propagation path at a height of 74 km in the course of solar flare (dashed line). The
variation of X-ray flux (solid line) is also shown. The number density achieved is
much lower than what was obtained for VTX-Kolkata path.
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3.4 Dependence of VLF Perturbations
on Solar Zenith Angle
The amplitude of VLF perturbations depends not only on the frequency, magnitude
of solar flux and propagation path but also on the position of the Sun along the
propagation path. That means the solar flares of nearly same magnitude can produce
different VLF perturbations depending on the position of the Sun in the path or
in other words on the time of occurrence of flares in the day time. In Figure 3.11,
maximum VLF perturbation (termed as VLF response) is plotted against the solar
zenith angle at the receiver corresponding to the peak time of flares. Here all the
flares are between M1.0-M2.0 and produced perturbations on the NWC-Kolkata
path in 2011. The zero of solar zenith angle represents the local noon time of the
receiver with minus and plus zenith angle corresponding to pre-noon and post-noon
periods.
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Figure 3.11: Maximum VLF perturbation due to solar flares is plotted against solar
zenith angle at the receiver for solar flares between M1.0 to M2.0.
Chapter 4
Modeling VLF Signal Perturbations Associated
with Total Solar Eclipse
4.1 Introduction
A solar eclipse produces disturbances in the ionosphere and provides us with a
unique and rare opportunity to verify our theoretical understanding about how
the ionosphere reacts to impinging radiation, or, for that matter, withdrawal of it.
During a solar eclipse, the ionosphere experiences a virtual sunset and a sunrise in
quick succession. The UV and soft X-ray photons from the solar disk are totally
or partially blocked for a certain time interval and the precise time of this event
is known well ahead of time. Thus it is possible to study the behavior of different
atmospheric processes including the ion chemistry.
4.2 Earlier Works
There are a large number of papers in the literature related to the solar eclipse
effects on the ionosphere. Most of the works are concerned with the ionospheric
behavior above 100 km altitudes during eclipse. Theoretical investigations of the
effects of the eclipse on ionospheric E and F regions were made by Rishbeth (1968).
Variation of total electron content (TEC) of the ionosphere during solar eclipses have
been extensively studied by Yeh et al., 1997; Huang et al., 1999; Tsai & Liu, 1999;
Afraimovich et al., 2002; Jakowski et al., 2008; Krankowski et al., 2008. Latitude
and longitude dependence of the ionospheric response in terms of TEC due to solar
eclipses have been reported by Le et al., 2009 and Krankowski et al., 2008. The
difficulties in ground based D-region measurements limit the study of the behavior
of lower ionosphere (specially D-region) during solar eclipses. Much of the study of
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Figure 4.1: The LWPC modeled amplitude effect (solid curve) compared with corre-
sponding observed changes (diamond) for FTA2 (20.9 kHz) to Saint Ives and DHO
(23.4 kHz) to Saint Wolfgang path [Clilverd et al., 2001].
the D-region during solar eclipses depend on the use of ELF/VLF wave propagation
along the Earth-ionosphere waveguide.
The first report of the effect of the solar eclipse on VLF path between GBR
(Rugby, England) to Cambridge was reported almost half a century ago (Bracewell,
1952). Subsequently, several authors have presented the results of amplitude and
phase variations due to solar eclipses. Crary & Schneible (1965) have found 2 to 3
dB amplitude change due to solar eclipse associated with 6 to 11 km enhancement
in the VLF reflection height for short VLF paths (≤1000 km). Lynn (1981) studied
the effects of October, 1976 solar eclipse over three long VLF paths. The VLF
phase response was found to be a non-linear function of solar obscuration and the
effective time constant of ionospheric response was found to be 4.3±1.5 min. There
are very few papers which discussed the modeling of VLF signals perturbations
associated with a solar eclipse. Clilverd et al. (2001) presented the effects of total
solar eclipse of August 11, 1999 on VLF signals in Europe. They had five receiving
sets which observed several stations each and thus had altogether 17 different paths.
While their path lengths varied from 90 km to 14,510 km, majority were < 2000
km. They reported positive amplitude change on path lengths < 2000 km, negative
amplitude changes on paths > 10,000 km and negative phase changes on most paths
independent of path lengths. These authors also gave an explanation of the nature
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of the signals using the LWPC waveguide code (Ferguson, 1998). They found an 8
km rise in h� parameter during eclipse conditions over short paths, while over the
medium-length paths, the estimation was a rise of 5 km in h� parameter. They also
calculated the variation of electron density at 77 km altitude throughout the period
of solar eclipse, which showed a linear variation in electron production rate with
solar ionizing radiation. Figure 4.1 shows their observed and simulated results for
two VLF paths. A similar result was reported by Fleury et al. (2000), who found
an increase of about 5 km in the h� parameter at mid-eclipse. The path lengths
were within 1000 km and they used a constant β = 0.5 parameter throughout the
eclipse time while changing h� linearly from day time to night time values. They
also assumed the disturbance of height to be uniform along the whole radio path.
During the Total Solar Eclipse of July 22, 2009, ICSP conducted a week-long
VLF campaign in which data from more than a dozen places in India and Nepal were
collected before, during, and after the eclipse [Chakrabarti et al., 2012a]. All the
receivers were monitoring VTX (18.2 kHz) and NWC (19.8 kHz) transmitters during
this time. Special interests were given to the VTX transmitter since the location of
the transmitter near the southern tip of India gives a uniform geophysical condition
in Indian context. Also, the magnetic meridian passing through VTX vertically splits
the Indian sub-continent into roughly two halves with different signal characteristics
in the eastern and western halves (discussed in Chapter 2). Thus spreading around
receivers in the sub-continent allowed us to study the signals under varied wave
propagation conditions on a short path (< 3000 km). In this Chapter, we present
the observations and modeling of the signatures of the VTX signal due to the total
solar eclipse (TSE) which took place on the 22nd of July 2009 in India.
4.3 Observed Effects of Solar Eclipse on VLF Paths
We use ICSP made VLF antenna/receiver systems to monitor VLF signals. Each
set consists of a loop type rectangular antenna and Gyrator III type receiver. The
system was controlled by PC with a sound card for real time data acquisition.
In Figure 4.2, we show the path of totality during July 22nd, 2009 eclipse. While
ICSP obtained data at twelve places (Chakrabarti et al., 2010a, 2012a), we chose six
representative propagation paths (VTX-Kolkata, VTX-Khukurdaha, VTX-Malda,
VTX-Raignaj, VTX-Pune and VTX-Kathmandu) of varying character and noise-
free signals for the modeling purpose. The VTX-Kolkata, VTX-Khukurdaha and
VTX-Pune propagation paths are very much below the belt of totality, while the
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Figure 4.2: The path of totality over the Indian subcontinent during the total solar
eclipse on 22nd July, 2009 is shown by shaded region. Our receivers and the VTX
station are marked with names of the places and an English alphabet as an identifier.
This figure is modified from that provided by F. Espenak & J. Anderson in NASA
2009 Eclipse Bulletin to include our campaign locations [Chakrabarti et al., 2010a].
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VTX-Malda (2151 km) path nearly touches the southern boundary of totality. The
VTX-Raiganj (2207 km) path entered the totality belt while the VTX-Kathmandu
propagation path (2296 km) actually crossed the path of totality.
Table 1 shows the parameters of and at the receiving stations which concern
our study. We show the locations with geographic latitude and longitude, bearing
angle, distance between the transmitter and the receiver, the percentage of eclipse
coverage, the time of the first contact, the time at which the maximum eclipse took
place, the last contact and the elevation (E) of the Sun (with respect to the local
horizon) in degrees at these times.
Table 4.1: Solar eclipse parameters at different receiving stations in our campaign.
Symbol Place & Geog. Bearing & Coverage Sunrise 1st (IST) Mid (IST) 2nd (IST)
Lat, Long Dist. (km) % A(◦) A(◦) A(◦)
a Coochbehar 30◦22� Total 04:53 05:30:16 06:28:43 07:34:06
26◦19�N, 89◦28�E 2346 100 7.1 19.6 34
b Salt Lake 34◦37� Partial 05:04 05:28:46 06:26:20 07:30:54
22◦34�N, 88◦24�E 1946 89.9 05 17 32
c Malda 29◦35� Partial 05:00 05:29:34 06:27:24 07:32:04
25◦N , 88◦09�E 2151 99.6 05 18 32
d Raiganj 28◦36� Total 04:59 05:29:52.3 06:27:43.1 07:32:22
25◦36�N , 88◦08�E 2207 100 5.6 18.1 32.4
e Khukurdaha 33◦13� Partial 05:07 05:28:43.8 06:26:3.0 07:30:16.9
22◦27�N , 87◦45�E 1894 90.7 04 17 31
f Bhagalpur 26◦31� Total 05:04 05:29:41 06:27:02 07:31:04
25◦15�N , 87◦01�E 2116 100 05 17 31
g Kathmandu 19◦20� Partial 05:21 05:31:10 06:27:43 07:30:30
27◦45�N , 88◦23�E 2296 96.3 04 16 30
- Varanasi 15◦46� Total 05:20 05:30:04 06:25:44 07:27:33
25◦22�N , 83◦E 1948 100 01 13 27
h Kangra 357◦40� Partial 05:32 05:37:19.7 06:28:45.3 07:24:46.1
32◦58�N , 76◦16�E 2624 65.3 00 10.1 21.6
i Jaipur 354◦43� Partial 05:46 05:32:53 06:25:32 07:23:18
26◦55�N , 75◦52�E 2070 87.6 -03 07 20
j Srinagar 354◦28� Partial 05:35 05:40:12 06:30:04 07:24:04
34◦08�N , 74◦51�E 2878 59.4 00 10 21
k Pune 339◦52� Partial 06:08 05:30:00 06:21:54 07:19:03
18◦31�N , 75◦55�E 1183 93.2 -09 02 15
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Figure 4.3: The data from 4 h to 20 h (IST) at (a) Kathmandu (b) Malda, (c)
Khukurdaha, (d) Raiganj, (e) Salt Lake and (f) Pune. The blue curves represent
the normal diurnal behavior (average of the day before and after the eclipse) at
different places and the red curves represent the diurnal behavior on solar eclipse
day at those places [Chakrabarti et al., 2012a].
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Figure 4.4: Three screen-shots at (a) pre-eclipse, (b) maximum eclipse, (c) post-
eclipse of the broadband data from the Raiganj site, which experienced the total
solar eclipse. The shots are at pre-eclipse, maximum eclipse and post-eclipse condi-
tions respectively. The VTX signal (yellow color) clearly became weaker during the
maximum phase of the eclipse. The monitored signal is much higher than the blue
noise floor [Chakrabarti et al., 2012a].
In Figure 4.3, we present the data at six stations from 4 h to 20 h (IST). These
stations are: (a) Kathmandu, (b) Malda, (c) Khukurdaha, (d) Raiganj, (e) Salt Lake
and (f) Pune. The blue curves represent the normal diurnal behavior (average of
the day before and after the eclipse) at different places and the red curves represent
the diurnal behavior on solar eclipse day at those places. Since the night time signal
is highly variable, we concentrated on the chunk of the signal around the day time.
The day time VLF signal amplitude is found to be otherwise highly repeatable.
The gap in the data are due to power failure. Note that there are no ionospheric
disturbances in the signal on the eclipse day due to geomagnetic activities or solar
flares. Indeed, according to NOAA/NGDC data, the Kp index for 22nd July, 2009
was 3 between 5:30 IST (0 UT) and 8:30 IST (3 UT). The Dst index was 5, 4 and
−5 for 6:30 IST (1 UT), 7:30 IST (2 UT) and 8:30 IST (3 UT) respectively. So the
eclipse period was geomagnetically quiet and the observed deviation of the signal
amplitude can be safely assumed to be due to the effects of eclipse alone.
In Figure 4.4, we present three screen-shots of the broadband data from the
Raiganj site, which experienced the total solar eclipse. The shots are at pre-eclipse,
maximum eclipse and post-eclipse conditions respectively. The yellow color is the
VTX signal which clearly became weaker during the maximum phase of the eclipse.
The monitored signal is much higher than the natural noise floor, so there is no
scope for confusion.
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Figure 4.5: The variation of the differential amplitude of the VTX signal at four
receiving stations during the eclipse time. These variations of amplitude are obtained
by subtracting an average unperturbed data from the eclipsed data on 22nd July,
2009. The time of first contact, eclipse maximum (or, second and third contacts,
when available), and the last contact are indicated by vertical dashed lines at each
receiver [Pal et al., 2012a].
In Figure 4.5, we show the differential amplitude variations of the VTX sig-
nal (18.2 kHz) for the four propagation paths (VTX-Kolkata, VTX-Malda, VTX-
Raiganj and VTX-Kathmandu) during the eclipse time only. Along the X-axis, the
time given is in Indian Standard time (IST=UT+5:30). These variations of ampli-
tude are obtained by subtracting an unperturbed data (average of the day before
and after the eclipse) from the eclipsed data on the 22nd July, 2009. In the top left
panel, we show the result of VTX-Kolkata path. The eclipse was partial and the
maximum obscuration of the solar disk was ∼ 90% (Figure 4.6). Here, the change in
amplitude is positive. The signal is enhanced by +2 dB close to the maximum of the
eclipse. The top right panel, the bottom-left and bottom-right panels are for VTX-
Kathmandu, VTX-Raiganj and VTX-Malda respectively. The signal amplitude was
reduced by about 2 dB in all these places.
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Figure 4.6: Variation of percentage of solar obscuration (S) as a function of time at
different places during the TSE 2009.
4.4 Modeling VLF Signal Amplitudes UsingWave-hop Code
As far as the VTX is concerned all the propagation paths within India are less than
3000 km and thus the wave-hop model should be able to explain the variation of
amplitude with time, provided some assumptions are made about the ionospheric
reflection height variation with the degree of obscuration of the Sun. There are
many works in the literature which use the wave-hop theory (Wait, 1962; Budden,
1966; Wakai, 2004). Following these, we developed our own code (discussed details
in Chapter 2) (Pal & Chakrabarti, 2010) to describe the wave amplitude and phase
in the context of VTX transmitter. In our code, the received signal is calculated
from the sum of the ground wave propagating along the Earth and the sky-waves
reflected by the ionosphere. The phase variations in the sky component can occur
if the ionospheric conditions change with time as is the case in the present case. As
a result, at a given receiving station, the resultant signal may vary with time due
to the occurrences of constructive and destructive interferences between the ground
and sky waves. The strength of the ground wave along the propagation path is
calculated over sea-water using the permittivity of 70 F/m and the conductivity
of 5 S/m. For waves propagating over grounds, the permittivity of 15 F/m and
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Figure 4.7: Amplitude variations along the propagation paths for the six different
places at mid-eclipse condition using the wave-hop code. The dashed curve repre-
sents the VTX signal amplitude variation at normal day conditions and the solid
curve represents the same variation during the maximum eclipse condition. The
vertical line is placed at the distance of the receiver from the transmitter while the
vertical arrow represents the location where maximum eclipse occurs. Observed and
simulated deviations from the normal agree very well.
conductivity of 0.002 S/m were chosen.
For modeling purpose, we assume that the effect of eclipse is to increase the
reflection height. We assume that this height is increased by about 10 km at the
center-line of the path of totality (Clilverd et al., 2001) and it falls off on both
sides following a Gaussian shape along the propagation path. The sharpness of
the ionosphere characterized by the reflection coefficient is kept as a constant along
the propagation path for convenience (Fleury et al., 2000). It is observed that the
resultant signal variation with time shows generally correct behavior if the reflection
coefficient is chosen to be Rc ∼ 0.4 (instead of ∼ 0.3 for normal days), however a
better match requires fine tuning of Rc. Thus, for instance, the propagation paths
along Kathmandu, Raiganj, Malda, Salt Lake, Pune and Khukurdaha requires Rc
= 0.375, 0.376, 0.385, 0.50, 0.31 and 0.48 respectively. In Figure 4.7, we show the
variation of the amplitude of the resulting signal from the transmitter along the
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respective bearing (See, Table 1) of six different receiving stations at maximum
eclipse condition (around 6:30 AM IST = 1:00 UT) on the 22nd of July, 2009 using
our wave-hop code. The dashed curve represents the signal amplitude variation from
the VTX transmitter on the 22nd of July assuming the eclipse is absent. The solid
curve shows the variation when the total eclipse is assumed. The expected deviation
(in dB) due to the eclipse at various distances from the transmitter is the difference
between the solid curve and the dashed curve. The vertical line corresponds to
the location of the receiver, while the vertical arrow points to the location of the
center-line of totality along the respective propagation path. We clearly see that in
some places, the signals are enhanced and in some others, the signals are reduced.
This agrees with what we observed in Figure 4.3. This leads us to believe that we
have been able to capture the basic physics behind the signal properties during the
eclipse.
The observed positive and negative amplitude enhancement due to solar eclipse
depends on the position of the receiver along the propagation path. So it can not
be simply explained by saying that those paths crossing the solar eclipse totality
belt show amplitude reduction and the rest show positive amplitude enhancement
due to eclipse. To show this, we present the Figure 4.8. The first panel shows the
amplitude variation at 6:30 AM (IST; 1:00 UT) on the 22nd of July, 2009 using our
wave-hop code. The dashed curve represents the signal amplitude variation from the
VTX transmitter on a normal day along a direction with a bearing of 30◦ when there
was no eclipse. The solid curve shows the same variation when the total eclipse is
assumed. Six receiving places (which are roughly within a bearing of 10◦ interval) in
this general direction are marked in the figure by solid vertical lines. In the second
panel, we show the difference of the two curves. This theoretical difference ΔA
is the expected deviation (in dB) due to the eclipse at various distances from the
transmitter. We see that in some places the signals are enhanced (ΔA > 0) and
in some others the signals are reduced (ΔA < 0). In the inset, we zoom the region
surrounding these six stations to show that the signal deviations as predicted by the
theory roughly agree with our observations (i.e., ΔApredicted ∼ ΔAobserved).
4.5 Modeling Using LWPC Code
We also use the LWPC code to calculate the amplitudes at receiving sites corre-
sponding to normal and partially eclipsed-ionosphere conditions. LWPC code is a
very versatile code and it uses the waveguide mode theory. One has to provide
the suitable boundary conditions for the lower and upper waveguides. The lower
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Figure 4.8: Amplitude variation at 6:30 AM using the wave-hop code, dashed curve
being the signal amplitude variation from VTX transmitter at normal conditions
with bearing at 30 degree. The solid curve shows the same variation during the
maximum eclipse condition. The receiving stations roughly along the same bearing
angle are marked by solid straight lines. (b) Differential amplitude (ΔA) variation
between the eclipse and normal day with the wave-hop code. Within 1750-2000 km of
VTX, the fractional change of amplitude is positive, within 2000-2300 km fractional
change is negative and beyond 2300 km fractional change is again positive. Six
receivers were within this range (1750-2400) and exhibited the same features at the
time of the maximum eclipse.
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waveguide parameters, i.e., permittivity (�) and conductivity (σ) of the earth have
been automatically selected by the code itself. These parameters are constants cor-
responding to normal and eclipse conditions. The upper waveguide, i.e., ionospheric
parameters are specified by the electron density Ne(h) and the electron-neutral col-
lision frequency νe(h) profiles. We use Wait’s exponential ionosphere (Wait & Spies,
1964) for the electron density profile with gradient parameter β and reference height
h� as given by the equation,
Ne(h, h
�, β) = 1.43× 107exp(0.15h�)exp[(β − 0.15)(h− h�)],
in cm3. The electron-neutral collision frequency (s−1) is given by the equation,
νe(h) = 1.816× 1011exp(−0.15h).
These profiles are quite standard and generally agree with directly observed normal
D-region ionospheric profiles (Sechrist, 1974; Cummer et al., 1998).
The optimized set of β and h� parameters to describe the normal ionospheric
condition at 6:30 AM for each propagation path are chosen by comparing between
the electron density from Waits model and IRI-2007 model (Bilitzaa & Reinisch,
2008). The IRI electron density profiles are calculated at the mid-points of the
propagation paths. As an example, we show in Figure 4.9, the electron density
profile at 6:30 AM from IRI-2007 model compared with the electron density profile
for different set of β and h� parameters for VTX-Salt Lake path. The parameter set
β = 0.35±0.01 and h� = 75.5±1.0 km are chosen for this path at 6:30 AM since this
set of parameters produce amplitude very close to the observed value of 65.45 dB
with respect to 1 µV m−1. The parameters are quiet reasonable at this time since
the stable D-region is not completely formed till that time. Similarly, we choose the
values β = 0.3 km−1 and h� = 74.0 km as appropriate for the VTX-Kathmandu,
VTX-Raiganj and VTX-Malda propagation paths as unperturbed ionosphere [Pal
et al., 2012a]. Once the unperturbed morning (6:30 AM) parameters (β and h�) of
the ionosphere are chosen for a given path, we calculate the perturbed parameters
for that path to know the increase of the height and sharpness parameters of the
lower ionosphere.
To model the partially eclipsed D-region ionosphere we need to calculate the
degree of solar obscuration as a function of time along each path. We developed a
numerical code to obtain the solar obscuration function S(t) at a particular point
along a path using the formalism of Mollmann & Vollmer (2006). The input pa-
rameters (i.e., time of starting and ending of eclipse, magnitude of eclipse) for the
model are taken from the website of solar eclipse calculator
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Figure 4.9: The electron density profile at 6:30 AM from IRI-2007 model compared
with the electron density profile for different sets of β and h� parameters for VTX-
Salt Lake path. Parameters for different curves are marked.
(http://www.chris.obyrne.com/Eclipses/calculator.html) for the solar eclipse of July,
2009. The variation of solar obscuration at some receiving places has been shown
in Figure 4.6. Then we divided each propagation path into several (∼ 15) segments
along the transmitter to receiver great circle path and calculated the degree of solar
obscuration as a function of time.
As a first order approximation, we assumed that the ionospheric parameters β
and h� vary linearly with obscuration function from the unperturbed one, though
the ionospheric response to solar eclipse are generally non-linear phenomena (Lynn,
1981; Patel et al., 1986). Thus the parameters vary with time and distance from
the transmitter. Therefore, if the maximum deviations for β and h� are given at
any time, the perturbed parameters will be obtained by summing the unperturbed
values of the the parameters with the product of the maximum deviation and solar
obscuration function. This assumption automatically brought in the non-uniformity
of the ionospheric parameters along the propagation paths.
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4.6 Results
In Figure 4.10a, we show the amplitude variation (solid curve) obtained by the model
fit and compare it with the corresponding observed changes (circle) of VTX signal
as received at Kathmandu. The maximum eclipse effect occurs when the effective
reflection height h� is increased by +4.0 km and β is increased by +0.04 km−1 at
t = 383.0 minute (IST) while the observed maximum eclipse effect occurs at around
t = 389.5 minute. The variation of the model amplitude with distance from the
transmitter (in km) for unperturbed (no eclipse) condition (solid line), maximum
eclipse condition (dotted curve) and at t = 420.0 minute (dashed curve) are shown
in Figure 4.10b. The location of the receiver is indicated by a vertical line.
Figures 4.11(a-b) show similar plots for the VTX-Raiganj propagation path.
Here also the maximum eclipse effects occur when the VLF reflection height h� has
increased by +4.0 km and β has increased by +0.04 km−1 at t = 383.0 minutes and
the observed maximum eclipse effect occurs at around t = 377.5 minutes.
In Figures 4.12(a-b), we show similar plots for the VTX-Kolkata propagation
path. Here, maximum VLF reflection height h� has increased by +1.8 km and the
ionospheric sharpness factor β has increased by +0.02 km−1 at t = 390.0 minute at
Kolkata. Figures 4.13(a-b) correspond to the VTX-Malda propagation path where h�
has increased by +3.0 km and β has increased by +0.02 km−1 due to the maximum
eclipse at t = 385.0 minute at Malda.
In Figure 4.14, we show the variation of the amplitude of the resulting signal from
the transmitter along the respective bearing (see Table 1) of six different receiving
stations at maximum eclipse condition (around 6:30 AM IST=1:00 UT) on July
22nd, 2009. The black curves represent the signal amplitude variation from the
VTX transmitter on the 22nd of July assuming the eclipse is absent. The red
curves show the variation when a total eclipse is assumed. We note that the signal
amplitude shows several ups and downs on the way. These could be interpreted to
be due to occurrences of the constructive and destructive interferences among the
sky-wave components and the ground wave component. The expected deviation (in
dB) due to the eclipse at various distances from the transmitter is the difference
between the red curve and the black curve. This agrees with what we observed in
Figure 4.3. The maximum increase in the β and h� parameters, denoted as, Δβmax
(km) and Δh�max (km
1) of the lower boundary of the D-region due to the solar eclipse
at different propagation paths are given in Table 2.
These results for the VTX signal are quite reasonable. In particular, we find
that the path which crosses the whole eclipse belt (i.e., that of VTX-Kathmandu)
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Figure 4.10: a) The model amplitude variation (solid curve) is compared with corre-
sponding observed changes (circle) at Kathmandu. Maximum eclipse effects occur
when h� has increased by +4.0 km and β has increased by +0.04 km−1 at t = 383
minute (IST). b) The variation of the model amplitude with distance from the trans-
mitter for unperturbed conditions (solid line), maximum eclipse conditions (dotted
curve) and at t = 420 minute (dashed curve). The location of the receiver is indi-
cated by a vertical line [Pal et al., 2012a].
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Figure 4.11: A plot similar to Figure 4.10 for the VTX-Raiganj propagation path.
Here the reflection height parameter h� has increased by +4.0 km and sharpness
factor β has increased by +0.04 km−1 at t = 383 (IST) minute at the region with
the totality of eclipse.
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Figure 4.12: a) A plot similar to Figure 4.10 for the VTX-Kolkata propagation
path. Maximum eclipse effects occur when h� has increased by +1.8 km and β has
increased by +0.02 km−1 at t = 390 (IST) minute at Kolkata. b) The variation of
the model amplitude with distance from the transmitter for unperturbed conditions
(solid line), maximum eclipse conditions (dotted curve) and at t = 420 minute
(dashed curve) (7:00 AM IST). The location of the receiver is indicated by a vertical
line.
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Figure 4.13: A plot similar to Figure 4.10 for VTX-Malda propagation path. Here
the maximum eclipse effects occur when h� has increased by +3.0 km and β has
increased by +0.02 km−1 at t = 385.0 minute at Malda [Pal et al., 2012a].
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Figure 4.14: Amplitude variation along the propagation paths for the six different
places at mid-eclipse condition using the LWPC code. The dashed curve represents
the VTX signal amplitude variation at normal day conditions and the solid curve
represents the same variation during the maximum eclipse condition. The vertical
line is placed at the distance of the receiver from the transmitter. Observed and
simulated deviations from the normal behavior agree very well [Chakrabarti et al.,
2012a].
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Table 4.2: Maximum increase of β and h� parameters due to the solar eclipse
Propagation path Δh�max(km) Δβmax (km
−1)
VTX - Kathmandu 4.0 0.04
VTX - Raiganj 4.0 0.04
VTX - Malda 3.0 0.02
VTX - Kolkata 1.8 0.02
VTX - Khukurdaha 1.5 0.02
VTX - Pune 1.9 0.02
required the highest shift in height, while the path which is farthest from totality
(VTX-Kolkata) required the least height variation of the lower ionosphere.
During totality, a near-nighttime condition is expected to prevail in the lower
ionosphere and thus the number density of electrons should be reduced as the D-
region nearly disappears. To show this, we consider the data at Raiganj which
witnessed totality (see, Table 1). In Figure 4.15, we show how the distribution of
the electron density (cm−3) with altitude changes with time during the eclipse at
Raiganj. The electron density at Raiganj is calculated using the so-called Wait’s
formula using the calculated variation of β and h� parameters with time. We note
that in lower heights the near neutrality is achieved during the mid eclipse. At a
height of ∼ 90 km, of course, there are still some electrons. Figure 4.16 represents
a snapshot of the variation of VLF reflection height (h� parameter) in km along
the VTX-Raiganj propagation path at the time of maximum eclipse for which the
Figure 4.15 has been drawn. Figure 4.17 shows the electron density variation similar
to Figure 4.15. However, it is shown for Kolkata during the solar eclipse period.
4.7 Discussions
In this Chapter, we have modeled the effects of the solar eclipse of July 22nd, 2009
on the VLF signals. Our waveguide model is based on the assumption of linear
variation of ionospheric parameters with the degree of solar obscuration. There
appears to be still some discrepancies between our result and that of the observation,
especially close to the sunrise region. This means that our crucial assumption that
the variation of ionospheric parameters with the solar obscuration is linear at all
points of the propagation path may not be quite accurate. Furthermore, the data
close to the sunrise time is contaminated by increasing attenuation due to lowering
of the lower ionosphere. A complete agreement could perhaps be reached when the
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Figure 4.15: Altitude variation of electron number density (cm−3) obtained from
Wait’s formula during eclipse time at Raiganj. Note that at lower height, the num-
ber density is ∼0 due to the near night condition when the D-layer completely
disappeared. The ionization of the D-region at lower altitudes recover at a faster
rate than the ionization at higher altitudes [Pal et al., 2012a].
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Figure 4.16: Snapshot of the variation of the effective VLF reflection height (h�) in
km along the VTX-Raiganj propagation path at the time of maximum eclipse at
Raiganj.
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Figure 4.17: Altitude variation of electron number density (cm−3) similar to Figure
4.15 but using the Kolkata data. The apparent periodic variation is due to an
artifact of the plotting routine.
sunrise effects are also included.
Chapter 5
Ionospheric Effects of an Occulted Solar Flare
During a Solar Eclipse
5.1 Introduction
On January 15th, 2010, there was an annular solar eclipse as seen from the southern
regions of India. At Khukurdaha (22◦27�N, 87◦45�E) station, the eclipse was partial
with a maximum obscuration of about 75%. From this station, we have been mon-
itoring NWC transmitter operating at 19.8 kHz. During the solar eclipse period,
a solar flare also occurred which was partly blocked by the lunar disk. Thus the
resultant signal was perturbed both by the eclipse and by the flare.
In this Chapter, we describe our results in detail and compare the VLF signals
with the light curve of hard and soft X-rays obtained by the GOES-14 and RHESSI
satellites. We also present the magnetogram around the flare obtained by the GONG
project and the image of the flare from the HINODE X-Ray Telescope (XRT) data.
From the relative positions of the Sun, the Moon and the receiving station, we derive
the time variation of the lunar occultation of the flare. From these, we obtain the
time variation of the electron number density in the lower ionosphere over the entire
event.
5.2 The Solar Eclipse and the Solar Flare
ICSP made Gyrator-III VLF receiver (1-22 kHz) with a loop antenna was monitor-
ing NWC station from Khukurdaha. The annular solar eclipse of January 15, 2010
started at 12:05 IST (=UT+5:30) and continued up to 15:28 IST. The eclipse was
partial (maximum coverage 75%) as seen from Khukurdaha. The maximum obscu-
ration at the receiver occurred at 13:56:26 IST. The distance between transmitter
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and receiver is about 5700 km (Figure 5.1). Thus the transmitter was far away from
the annular solar eclipse belt. During propagation of signal from NWC to Khukur-
daha, there was no eclipse in 24.5% of the total path while 75.4% of the total path
experienced some eclipse. The whole propagation path experienced an average value
of solar obscuration at the most 40% calculated using a numerical integration over
the whole path. Figure 5.2 shows the degree of solar obscuration during eclipse at
the receiver and over the whole path at 70 km above the ground. The dotted curve
represents the average value of solar obscuration integrated over the whole path.
Figure 5.1: Great circle path between the NWC (19.8 kHz) transmitter and the
receiver at IERC, Sitapur. The shaded area is the path of total annularity of January
15, 2010 [Pal et al., 2012b].
While the eclipse is in process, a C1.3 solar flare started at 07:22 UT (12:52 IST)
and continued till 10:22 UT (15:52 IST) with an extended maximum in soft X-ray
from 08:41 UT (14:11 IST) to 08:44 UT (14:14 IST). The hard X-ray peaked at
08:36 UT (14:06 IST). Thus the hard and the soft X-Ray peak within the eclipse
period. The soft X-ray peak is about 15 minutes after the maximum obscuration of
the solar disk. The peak energy flux in 1.5−12.5 keV was 1.3×10−6ergs/cm2 which
is well above the detectability limit of our VLF antenna (typically, C1.0 flare).
5.3 The Experimental Set-up and the Observational Results
A loop antenna and VLF receiver were used to monitor VLF data at Khukurdaha.
Real time narrow band signal amplitudes from several transmitters were recorded
automatically in the computer. In Figure 5.3, we give an example of deviation of
the NWC signal amplitude obtained from a C4.0 flare which occurred on the 6th
February, 2010, three weeks after the solar eclipse event which we report here. For
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Figure 5.2: Variation of percentage of solar obscuration (S) as a function of time.
Solid curve represents the solar obscuration at the receiver and the dotted curve
represents the average value of solar obscuration over the whole path [Pal et al.,
2012b].
comparison with this, we also present the soft X-Ray flux from the GOES-14 satellite
of this flare [Figure 5.3].
In Figure 5.4, we present the amplitude (dB) variation of the NWC signal as
obtained by our receiver on 15th January, 2010, the day of the annular eclipse. The
box highlights the region around the eclipse which clearly shows a dip near the
eclipse maximum and an upward rising kink near the flare maximum. The time
is given in IST (=UT+5:30). In Figure 5.5, we plotted the net deviation of NWC
signal from the normal data which is defined as the average of the data of 14th
and 16th January for the solar eclipse time only. Here, the upper panel shows the
VLF amplitude deviation from the normal data due to the combined effects of solar
eclipse and solar flare. Note that the net deviation due to the combined effect is
1.3 dB. In the middle panel, the dashed curve shows hard X-ray flux and the solid
curve shows soft X-ray flux of the flare from GOES-14 satellite. The two vertical
lines correspond to the time of maximum phase of the eclipse and the time at which
the peak of the solar flare occurs. The lower panel shows the RHESSI data of X-ray
flux in different energy bands for the same flare. Unfortunately, the satellite was
over South Atlantic Anomaly region for much of the time (SAA) and the flare was
seen only during the period denoted by F.
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Figure 5.3: Example of a normal (non-occulted) C4.0 solar flare which occurred on
February 6, 2010. Dashed curve represents the GOES soft X-ray flux and solid curve
represents the response of the NWC signal amplitude to the flare [Pal et al., 2012b].
GOES satellite was observing the solar flare un-obstructed by the lunar oc-
cultation. In Figure 5.6, we superimpose the position of the lunar limb on the
magnetogram of the X-ray flaring region (AR 11040) at different times. This gives
us an indication that the flare was partially occulted by the moon from the VLF
receiving station. In Figure 5.7, the exposed solar disks are superimposed on the
HINODE-XRT image of the solar flare during the solar eclipse at every five min-
utes, starting from 13:50:00 IST to 14:25:00 IST (top-left to top-right; bottom-left
to bottom-right). This shows that the flare was actually blocked by the moon.
In Figure 5.8, we present the RHESSI image taken in the period marked by F
in Figure 5.5. Thus the image was taken just after the flare had the peak emission.
However, assuming that the flare peak did not shift, we could identify the region
where the peak emissions occurred. The black rectangular and circular regions show
the peaks of the soft X-ray (3-12 keV) and hard X-ray (12-25 keV) emitting regions
respectively. We find that the peak region of the soft X-ray was fully covered by the
moon at 14:10 hrs (IST) and the hard X-ray peak region was covered from 14:20
to 14:25 hrs. It is interesting to note that the HINODE satellite also observed the
occultation of the same flare but at a slightly different time and from a different
perspective.
For the sake of completeness, in Figure 5.9, we present the snapshots of X-ray
flares at different times (14:16:00 IST, 14:17:43 IST, 14:17:47 IST, 14:18:10 IST,
14:18:39 IST, 14:24:58 IST) as seen by HINODE.
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Figure 5.4: The normalized diurnal variation of NWC signal on the eclipse day. The
box highlights the ionospheric disturbances observed due to the joint effects of the
eclipse and the flare. The time is in IST (UT + 5:30) [Maji et al., 2012; Pal et al.,
2012b].
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Figure 5.5: Observed VLF data with GOES-14 and RHESSI soft and hard X-ray
light curve. Upper panel shows the VLF amplitude deviation due to the combined
effect of the solar eclipse and the solar flare obtained by subtracting the data of
January 15th from the average of the normal data of 14th and 16th January, 2010.
In the middle panel, the dashed curve shows the hard X-ray flux and solid curve
shows the soft X-ray flux of the flare as obtained from the GOES satellite. Lower
panel shows the RHESSI data of X-ray light curve in different energy bands at the
same time. The region SAA and F marks the region over South Atlantic Anomaly
and the period when the flare was observed by RHESSI. The curves marked by (I),
(II) and (III) are for (3-6) keV, (6-12) keV and (12-25) keV respectively [Pal et al.,
2012b].
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Figure 5.6: Closer view of the positions of the lunar limb superimposed on the
magnetogram (taken from GONG project data at 14:34 IST) of X-ray flaring region
at different times to show that it was variously occulted by the moon from a direct
view [Pal et al., 2012b].
Figure 5.7: Exposed solar disks at every 5 minutes (from top-left to top-right;
bottom-left to bottom-right), starting from 13:50:00 IST to 14:25:00 IST, are su-
perimposed on the XRT image of the solar flare during the solar eclipse [Pal et al.,
2012b].
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Figure 5.8: In this RHESSI image, the black rectangle and circle show the peaks of
soft X-ray (3-12 keV) and hard X-ray (12-25 keV) emitting regions. At 14:10 hrs
(IST), the soft X-ray peak and between 14:20 to 14:25 hrs hard X-ray peak were
covered by the moon.
Figure 5.9: Occultation of the X-ray flare by HINODE satellite but at a slightly dif-
ferent time (14:16:00 IST, 14:17:43 IST, 14:17:47 IST, 14:18:10 IST, 14:18:39 IST,
14:24:58 IST – from top-left to top-right and bottom-left to bottom-right respec-
tively) and from a different perspective.
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5.4 Separation of the Effects of the Solar Eclipse and those
of the Flare
Separation of the effects of the eclipse and the flare is tricky, since the flare is occulted
partially by the moon during the eclipse. Thus, the observed VLF signal is neither
due to the effect of the eclipse alone nor due to the flare alone. It is a composite
effect that we observed. However, since the same antenna/receiver system has taken
data from a similar flare at a similar time frame, we can separate the effects easily
provided we assume that the effect is a linear superposition of the two effects. The
details of the separation procedure can be found in Maji et al., (2012). In Figure
5.10a, we present two curves – the solid curve is the deviation of the signal due
to the combined effects. This is what we actually observe. The dotted curve is
obtained by subtracting the best estimated blocking of the flare by superposing the
satellite images of the flaring region and the lunar disk. This would have been the
signal deviation in case the flare was totally absent. This separation is thus due
to the enhancement of the signal by the occulted flare. The open circles and the
asterisks are the times when the LWPC code was used to obtain the electron number
densities presented in the next Section. In Figure 5.10b, we derive the variation of
the effective VLF reflection height as obtained by the LWPC code. As expected, the
reflection height would have been larger if the flare was absent (dashed curve). The
presence of the flare reduces the height, but not as much as would have happened
if the obscuration were absent.
Chapter 5. Ionospheric Effects of an Occulted Solar Flare 104
13 13.5 14 14.5 15
Time in hours (IST)
74
75
76
77
78
R
ef
le
ct
io
n 
he
ig
ht
 (k
m
)
Figure 5.10: (Top panel, a) Variation of differential amplitude of NWC (19.8 kHz)
signal with time. The solid curve is the observed signal due to the combined effect
of solar eclipse and the occulted X-ray flare. Dotted curve is the model signal if the
flare were absent. Open circle and asterisk represent the times used for modeling
electron density with LWPC. (Bottom panel, b) The corresponding effective VLF
reflection height variation [Pal et al., 2012b].
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5.5 Modeling VLF data and Derivation
of Ionospheric Parameters
Armed with the VLF signals with and without the flare, we can now model the time
variation of the Earth’s ionosphere. We use the LWPC code (see Chapter 2 & 3)
to calculate the amplitudes at receiving sites corresponding to normal and partially
eclipsed-ionosphere conditions. User of this model has to provide a suitable lower
and an upper boundary conditions for the waveguide. The lower waveguide parame-
ters i.e., permittivity (�) and conductivity (σ) of the Earth have been automatically
selected by the code itself. These parameters are constants corresponding to nor-
mal and eclipse conditions. The upper waveguide i.e., ionospheric parameters are
specified by the electron density Ne(h) and the electron-neutral collision frequency
νe(h) profiles. We use Wait’s exponential ionosphere for electron density profile.
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Figure 5.11: Simulated result of VLF amplitude perturbations due to a C4.0 solar
flare (black curve) and the corresponding observed VLF data (red line) are plotted
with IST (UT + 5.5).
We took h� = 71.0 km and β = 0.43 km−1 as the unperturbed ionosphere [Thom-
son, 1993] while simulating the C4.0 flare, since these parameters reproduce the sig-
nal amplitude at the receiver exactly as we observe. To model the partially eclipsed
D-region ionosphere we calculated the degree of solar obscuration as a function of
time along the path. For this, we developed a numerical code to obtain the solar
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Figure 5.12: Variation of electron number density (cm−3) with altitude due to the
normal C4.0 flare. The lower ionosphere decreases from 71 km to 68 km while the
sharpness factor increases from 0.43 km−1 to 0.48 km−1.
obscuration function S(t) at a particular point along a path using the formalism of
Mollmann & Vollmer (2006). The input parameters (i.e., the time of starting and
ending of the eclipse, magnitude of eclipse) for the model are taken from the website
of solar eclipse calculator (http://www.chris.obyrne.com/Eclipses/calculator.html)
for the solar eclipse of 15th January, 2010. We then divide the propagation path
into several segments (∼ 40) along the great circle path connecting the transmitter
and the receiver. We calculate the degree of solar obscuration as a function of time.
We find that ∼ 70 % of the total propagation path experienced partial solar eclipse.
The ionospheric response to the incoming solar radiation is generally non-linear
in the lower ionosphere [Lynn, 1981; Patel et al., 1986]. To model the observed non-
linearity between the solar illumination (S(t)) and VLF amplitude response, we
assumed that the disturbed ionospheric parameters vary according to Sn, where S
is the solar obscuration function on the points along the path. For this propagation
path, comparing with our calculated effect of the solar eclipse, we found that the
values of n lie between 1.5 to 1.0 from the start of the observed deviation to the
maximum deviation.
We first apply this method to compute the time variation of enhanced electron
number density due to the C4.0 flare (Figure 5.3). Figure 5.11 shows the simulation
results where the observed deviation due to the flare (red curve) has been reproduced
(black curve) by the LWPC code. Figure 5.12 shows the electron density variation
during the course of the flare. The color scale shows the logarithmic number density
on the right. The numbers are comparable to that reported by Grubor et al. (2008).
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We found that the VLF reflection height came down from 71 km to 68 km, a decrease
of 3.0 km, while the sharpness factor β increases from 0.43 km−1 to 0.48 km−1.
We now apply the same method to compute how the electron number density
changed in the ionosphere on the 15th of January, 2010. Here, we choose h� = 74 km,
and β = 0.3 km−1 as parameters for the unperturbed ionosphere. In Figure 5.13,
we show the results in presence of the eclipse and the occulted flare (top panel).
The data was obtained by using LWPC at ‘open circles’ in the dotted curve of
Figure 5.10a. If we subtract the effects of the occulted flare as a function of time,
and use the asterisks on the solid curve in Figure 5.10a we get the electron density
distribution as shown in Figure 5.13b. In Figure 5.14a, we show the difference of the
number densities in the top and the bottom panels of Figure 5.13. Far from having a
profile similar to that in Figure 5.12, we find a prominent dip in the electron number
density at around 14:07 IST at all the altitudes. If we take cross-sections at different
heights we get the time evolution of the electron number density of the ionosphere as
a function of the height. We plot this in Figure 5.14b. We find that below ∼ 60 km,
the ionosphere is not perturbed significantly. With an increasing in height, there is
a prominent dip in the middle. In fact, at 14:07 IST, the h� parameter is decreased
by 0.41 km. This dip is due to the occultation of the flare. It appears that the soft
X-ray peak is covered by 14:10 and the hard X-ray peak region is covered by 14:25
IST. The number density rises again when the flare is exposed again though the
short-lived flare was already in its decaying phase by that time.
5.6 Discussions
In this Chapter, we presented and analyzed a historic event, namely, the lunar
occultation of a solar flare during an annular eclipse. This is the first time VLF
monitoring was carried out during the event, and the VLF signal contains the effects
of all the three events, namely, the solar flare, lunar occultation of it and the eclipse
itself. Although a flare was observed during a lunar occultation before [Kreplin &
Taylor, 1971], there was no VLF monitoring of that event. We used the data from
a multiple number of satellite and ground based observations, such as the GOES-14
(both hard and soft X-Ray flux), GONG Project (Magnetogram data), HINODE
(images of the flare) RHESSI (for X-ray light curves and image) which in conjunction
with the VLF signal gives a time line of the sequence of events which took place.
We reproduced the possible VLF signal for the effects of the partial eclipse only.
We accordingly computed the electron density profile of the eclipsed ionosphere.
We also computed the enhanced electron number density solely due to the occulted
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Figure 5.13: Variation of electron density in logarithmic scale (cm−3) with altitude
for the combined effects (top panel, a) (solid curve in Figure 5.10a) and (bottom
panel, b) for the eclipse effect only (dashed curve in Figure 5.10b).
flare and clearly found the effects of the occultations of the soft and hard peak
emission regions. The eclipse causes the effective reflection height to rise as the
electron number density decreases. On the other hand, the effect of the solar flare,
which is present throughout the eclipse period, is to partially counteract the eclipse
behavior by increasing the electron density and decreasing the reflection height. The
radiation from the solar flare and its ionospheric effect is briefly interrupted when
the flare is occulted by the moon.
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Figure 5.14: (Top panel, a) The electron number density variation induced only
by the flare and occultation (difference between Figure 5.13a and Figure 5.13b) in
linear scale. The dip between 14:05 and 14:10 is consistent with the obscuration of
the soft X-ray peak (see, Figures 5.6-5.8). (Bottom panel, b) Variation of electron
density (cm−3) at different layers of the ionosphere at receiver location due to the
occulted X-ray flare [Pal et al., 2012b].
Chapter 6
Summary and Future Works
6.1 Summary
The purpose of this dissertation was to study the theoretical and observational
characteristics of the Very Low Frequency (VLF) radio wave propagation in the
equatorial low latitude regions. Main motivation was to simulate the VLF signal
behavior under various realistic conditions of the EIWG boundaries so that the
behavior of the lower ionosphere under normal or disturbed conditions can be studied
via the effects on the VLF signals.
In Chapter 2, we gave details about the simulation procedures. Two methods
namely, the wave-hop and the LWPC codes have been used for simulation of diurnal
behavior of VLF signals. First we developed the wave-hop code and applied this
code for the propagation of VLF signal from the Indian Navy transmitter VTX over
Indian sub-continent. We compared the results of the wave-hop code with that of
the LWPC code. The wave-hop and LWPC roughly give equivalent results for the
signal strength variation along the VTX-Kolkata baseline. Further, the LWPC code
has been used to explain the VTX (18.2 kHz) signal behavior at different places in
India obtained during the ICSP-VLF campaign.
In Chapter 3, we gave details about the application of the narrow band VLF
measurements to detect and characterize the D-region ionospheric variations due to
solar flares. We have shown the effects on the D-region due to a M2.0 solar flare
simultaneously detected on two VLF paths (VTX-Kolkata, NWC-Kolkata). We
found that short VLF paths act as a good detector for such solar disturbances.
In Chapter 4, we simulated the VLF perturbations due to the Total Solar Eclipse
of July 22, 2009, for the VTX (18.2 kHz) signal using the wave-hop and LWPC
codes. We assumed that the ionospheric parameters due to eclipse vary according
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to the degree of solar obscuration on the way to the receivers. On the basis of this
assumption we reproduced the observed VLF deviation due to the eclipse for several
VLF paths in Indian sub-continent. Both the observations and simulation results
match very well.
We also modeled the perturbations in the NWC (19.8 kHz) signal due to com-
bined effects of a solar flare and solar eclipse both occurred in the same time frame.
Also, the flare was occulted by the Moon during the time of eclipse. Details have
been shown in the Chapter 5. This was a first report of this kind. The distribution
of D-region electron density profile due to the solar flare has been computed which
showed a distinct dip in its profile. This confirms that the flare was occulted by the
lunar disk.
6.2 Future Works
6.2.1 Improvements of the Wave-hop Model
The study of the amplitude and phase of VLF signals is important to diagnose the
ionospheric conditions. The ray theory gives an easier way to calculate the total
field for short VLF paths. However, it is necessary to include the effect of the geo-
magnetic field on VLF propagation as it does not arise explicitly to wave-hop model.
The magnetic field affects the ionospheric reflection coefficient for different direction
of propagation. Therefore, the reflection coefficient used in the model should be
calculated as a function of magnetic field parameter, electron density and electron-
ion collision frequency parameter. Also, for inhomogeneous waveguides such as
across day-night ionospheric gradients, the geometry of the propagation path needs
to be improved. The model needs to be verified for as many as short VLF paths by
extensive observations as well.
6.2.2 Coupled Ionospheric Chemistry and LWPC code
The Earth’s lower ionosphere is a very good detector of high energy (X-ray and
Gamma ray) sources. Therefore, the study of its detailed ionization process is of
utmost importance to interpret the results of VLF and other radio waves propagation
through it. The present LWPC code computes the amplitude and phase of the VLF
signal for any arbitrary ionospheric conditions that has been provided by the user
along the VLF path. Here the ionospheric parameters are either the Wait’s β and h�
parameters for electron density or user may choose to provide his/her model of the
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ionosphere. Thus it is necessary to couple a D-region ionospheric chemistry code
with that of LWPC code, so that the changes in VLF signals can be determined self-
consistently as a function of injected energy in the D-region. Some coupled work has
been done recently along the NWC-Kolkata path to simulate the VLF perturbations
due to solar flares [Palit et al., 2013]. More work is necessary for such study.
6.2.3 Modeling Earthquake Pre-cursors
Earthquakes are reported to produce large perturbations in the ionospheric plasma
states which in turn perturb the VLF wave propagation in the EIWG. As a result,
the amplitude and phase anomaly are observable in VLF data prior to earthquakes.
The modeling procedure as described in Chapter 4 and Chapter 5, can be applied to
in disturbances produced in the VLF signals as a result of future seismic activities
so that it is possible to explain the anomalous fluctuation of VLF signals mainly at
night time which are believed to be associated with earthquakes. These works to
be done in future to understand all three types of precursors [Chakrabarti et al.,
2010b; Sasmal et al., 2009, 2010; Ray et al., 2011] of earthquakes.
Appendix A
ABBREVIATIONS
A˙ Angstrom, 1× 10−8 cm
EIWG Earth-Ionosphere Waveguide
ELF Extremely Low Frequency, 300–3000 Hz
EUV Extreme Ultraviolet, 10–120 nm
GOES Geostationary Operational Environmental Satellite
GRB Gamma Ray Burst
HF High Frequency, 3–30 MHz
ICSP Indian Centre for Space Physics
IERC Ionospheric and Earthquake Research Centre
IRI International Reference Ionosphere
LF Low Frequency, 30–300 kHz
LWPC Long Wave Propagation Capability
Mm Mega meter
nm nano meter
PCA Polar Cap Disturbance
SID Sudden Ionospheric Disturbance
SNBNCBS S. N. Bose National Centre for Basic Sciences
SPE Solar Proton Event
SRT Sunrise terminator time
SST Sunset terminator time
TEC Total Electron Content
TSE Total Solar Eclipse
UV Ultraviolet, 100–400 nm
VHF Very High Frequency, 30–300 MHz
VLF Very Low Frequency, 3–30 kHz
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